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ABSTRACT 

A thorough understanding and a weli developed fabrication 
meeeecaure of MIS structures are the prerequisite formyCeD aa5ri— 
eameons. The object of this thesis is to study the narrow segap 
semiconductor MIS and investigate its feasibility for IR-CCI 
meeemcations. Two MIS studies were made. 

remest, MIS of five lead-tin semiconductors were fabricaszed 
uSing E-gun evaporated 100-4504 thiek,Al,O, or Si0, layercm@as 
insulators. C-V measurements indicated that these MIS behave 
qualitatively like that of Si-MOS. Accumulation, depletion 
and inversion layers were controlled by the gate voltage. How- 
ever, comparisons of measured C-V with theoretical calcula- 
tions did not yield quantitative agreement. 

Second, MIS of 0.052-cm p-type and 40"-~cm n-type Ge were 
also studied. C-V and C-t measurements indicated standard MOS 
behavior although some smail hysteresis was found. Analysis 
based on C-V data showed that the flatband voltage was apprc- 
ximately -1.2 volts and interface state density was on the order 
ome? /cm*. | 

mi waddition, errects of electron bombardment simulating 
the space environment around Jupiter on a n-channel depletion 
MOSFET were studied. The negative threshold voltage was de- 
creased and at a total dose of 2X10 e/cm*, it became posi- 
tive making the MOSFET an enhancement type of very poor 


@uality. 
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1. “ENTRODVCT IO 


The charge-coupled device (CCD) concept was first intro- 
duced by Boyle and Smith of Bell Telephone Laboratory 
around March, 1970 [2]. A new device principle was propc¢s 
ioewhich the signal was represented by minority carriers 
in the depletion layer of a metal-oxide semiconductor (M:s 
structure. It is a new device concept but uses Si-MOS 
technology already in existence. 

The development in the past three years was indeed 
eimezing and CCD has demonstrated its major impact on three 
electronic areas: imaging, analog delay and memory. The 
influence is different in these areas, however. 

(1) For imaging, the impact is major mainly because 
Une competing imaging technologies ail used, in one way or 
another, the relatively more complicated electron-beam 
scanning mechanism and high-vacuum technology of the con- 
ventional vidicons. In CCI (charge-coupled imagers), 3 
Seene incident on the MOS array surface is transformed into 
peoictribution of minority charge packets under the gates. 
To read the image out, a sequence of voltage pulses are 
applied to the array which transfer the charge packets 
eceoss the CCl and produce a video Signaimat thebelutoue 
The device is smaller, much cheaper to build and simpler To 


operate. 
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Recently, Fairchild has vepertec iia. sige ee ea 
CCI array which has a 1,000 to 1 dynamic range anc maintains 
Seed picture at 0.03 foot-candles.* (Vidicons have about a 
100 to 1 dynamic range.) Such a performance is approaching 
the field requirement of low-light-level television (L°TV). 
Bell Telephone Laboratories, using 3 CCI chips of 106 x 128 
elements each, has demonstrated that CCI can be used as 
coror l'V cameras although much denser CCI are needed for 
practical applicaticns (250 x 250 elements for picturephone, 
550 x 550 elements for commercial TV quality) [6]. There 
seems to be a good probability that CCI will replace most of 
the electron beam scanning devices in camera tube appvlica- 
meems. CCL can Sauer be used in other applications as 
solid state page iticaeine. fascimile sensors, information 
displays, computer terminal readouts, etc. 

(2) In anolog delay applications, CCD will also make 
an important impact replacing the present delay methods ir 
meal processing using glass rods, quartz crystals or 
Geexwial cables. ia CCD, Chess tenal 1s 1 nvroduced=ana ule: 
transferred across the device by the clocking pulses. 
Delays Pron nPemesecenas to milliseconds can be achieved by 
enManging the clock frequency. For the first time, an 
anolog signal delay device can be fabricated by IC process 


@ad incorporated into other IC systems. The applicatvoms 


il ; : oe 
Several other companies have achieved similar results. 


1S 





are numerous in communications, radar, €tc. 7 esucneaoee 


delay lines in TV sets, transversal delay line filters in 


ES 
MD 


memmemnone si7GSucms fo gqualizing phone jines (eilet caries 
Wememitor coc_ng end docoding in radar systems, ete. 

moe Hor dipite Memory, the impact of CCD is@neeeas 
immediate muin us hecause cfthe highly developed magnetic 
GOre and sezmiccrcucter memory technologies already in exist-— 
ence anda tre otnerv dceveloping memory techniques such as mag- 
Metic bubbles enc optical holography. However, operational 
be@irer memory. consisting of two 460 bit CCD shift registers 
femoei10 722° Si chip has been demonstrated [13]. For bulk 
emery. ross pecking censity of 3 million bits per square 
[iitemewWwas wrea.. .2a. Cost of 0.01-0.1¢ per bit is possible. 
Memes CONC: varie tnat CCD may have stronger impact in 
memory tnan :..n imaging and anoiog delay. 

Mie interes: or this thesis is in the application of 
Weeein imacins, more specifically, in infrared imaging. Te 
Mieerest 271 “nirared imaging is quite broad indeed, such a: 
the downward looking and forward looking infrared systems 
Mie iitary and security night vision missions, remote 
sensing in ecology and environment fields, nondestructive 
Geeoing in industrial quality control and the very promising 
thermography in medical diagnostics. 

However, the feasibility of CCD concepts in IR had not 
been investigated at all at the start of this thesis (June 


1972). At it stands today, several approaches have been 


discussed. First, the monolithic MOS approach in narrow 
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energy gap semiconductors similar to the Si-CUD is the 
obvious extension to IR. second, semiconductors of scum 
energy gap are used as IR sensors, and the photo-excited 
carriers are transferred into the Si-CCD. Two subapproaches 
exist, one being the photoconductive Sensor-Si-CCD package 


and the other being the IR semiconductor-Si-CcD he vere) une— 


tion approach. 


This thesis considers the monolithic @pproach. It 
should be pointed out that another research program of this 
Peouwp, the development of polycrystalline narrow gap semi- 
conductor photoconductive IR detectors [16][11], can be 
eet ied to the photoconductor-Si-CCD approach. In this 
Gemolithic approach, the first task is to examine if the 
surface layer of the new semiconductor ina MIS structure 
memmoe controlled by the gate voltage. Specifically, itis 
necessary to determine if: | 

a Accumulation, depletion. and invers#ion slayeusmcen 
Bemcontrolled by the application of preper gate voitages. 

bes Does, thessurface layer stay lonegenovuchminmuts spe -- 
tially depleted state before it becomes inversion layer? 
This is thesseo-called stomace times woiebemust she. longeis 
weaen the integration time in an imaging application. 

es. If the storage time ts) vont senouch. si sec hese e 
Capacity adequate for handling the photon flux of a scene? 

Only after these questions receive affirmative answers, 
Can we proceed to investigate the IR CCl applicacie = a-. 
this purpose, a group of IV-VI compound and alloy semicon- 


duevors are studied: PoTe, PbSe, PbSnTe and @eesmsce Their 


aR 





emiermey gaps are all less than 0.3 €\¥. weiche@ia 2 7am 
Eimivable for IR imaging beyond 4u, such as in the 4=5n and 
8-12u atmospheric windows. Mis strucvures Using Aly Came 
mo, aS insulators and Hg probes as metal gates were fabri- 
eemeee and stucied. 

The main purpoce of this thesis is to investigate if 
Meebo On and inve:w on layers exist at the interface of 
Meemeisilator anc semiccnductor in these MIS. If so, can 
mew be controllea wy the gate voltage? 

Peroni tne course of this research, MIS of two ovner 
semiconductors, Ge anc Si, were also studied. The motiva- 
immer’ Was to acaqueint ourselves with the MIS research using 
MiS samples of two weil known semiconductors. First, Ge- 
MIS using Al,G, as snsulators were studied. The energy 
memeor Ge varies from 0.67 ev at 300°K to 0.73 ev at 77°K 
Meet) iS suitab_e ror 1.70u IR imaging. It should be noted 
taew Ge-~MIS has not been studied before, making its study 
Meerul by its own right. 

second, the erfect of high-energy-electron bombardment 
on a n-channel Si depletion MOSFET was also studied. The 
electron energy was 65.4 Mev. and the radiation was approxi- 
mately 5x10" electrons per square centimeter per second. 
Exposure to tmas Padiatton tereiive seeonds 1s equlyateuemnres 
meeeosure jin the space environment around Jupiter for about 
ten hours. This study is also related to a research program 


at the Linear Electron Accelerator of the Naval Postgraduate 
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School studying the radiation eiliects onsen cewe sero. 


Gemmces during a space flight around @Jupiver. 


IL 





Il. REVIEW OF CCD CHARACE SR iotics 


pince the charge-couple@ ecomeept» is «so menmy aldeseripcicn 
Q@ietac device is necessary. Dhasesee@aon of the: thesais will 
C@mer the concept, the structure, the method of operation 


em@emche "figures of merit" of the CCDs 


A. CONCEPT 

mace Dasac concept of CCD" Ssconsists Of SvOriIng miler, 
carriers (or their absence) in a spatially defined depletion 
region (potential well) at the surface of a homogeneous 
Semeconductor and to move this charge atone EINE SWOT See jes 
moving the potential minimum. The potential minima are 
Paeowced iby applying a voitage to conducting electrodes 
(gates), formed on the surface of the insulator covering 
Wace mLconductor, and driving the surface into depletion. 
he@gemrety of functions can .be performed by injecting charg. 
ieee the potential weil, transferring this charge along th 
surface Of the semiconductor, and detecting the charge at 


seme Output location. 


Eee LRUCTURE 


ime basic structure of a CCD is a limear aigeay or MIS@ 


An MIS element is a metal-insulator-semiconductor 
structure whose main function is to produce 4 povenvia eae 
in the semiconductor from a bias applied between the metal 
and semiconductor. MIS will be covered in detail in the 
Hexy Chapuer Of Chis thesis. 
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elements as shown in Figure 2-1 [1]. Figure 2-1 also de- 
eaects the storage and transfer schemes in ag@@). iia 
emia, every thirc electrode is Diased more strongly than une 
other two and charge can be stored in the potential well 
under gate 1. In part b., the transfer sequence, the bias 
on gate 2 is made greater and as a result, if the gate 
Spacing is close enough to allow adequate coupling, the 
@eeree transfers into the region umder gate 2. Part d. in 
Fig. 2-1 indicates the clock pulse scheme used to transfer 
the charge. In this case the device is a 3 phase (36) CCD 
Since three different voltage levels are required to move 


the charge. Other type schemes are described below. 


C. MODUS OPERANDI 

The operation of the CCD is based on the aig tonaalie i 
eemeaecr charge formation, storage, and transfer in an inver-— 
Senor) layer at the semiconductor surface. The composite 
element of a CCD in the case of the 36 device are 3-MIS 
basic elements. There are, however, other clocking scheme ; 
that are used. Note also that the charge transfer can be 
in any direction dependent on the nature of the voltage 
Peeeces. Inherent disadvanteges in the 36 device are the 
Smruoicalness of the interelectrode spacing, cross undems 
Pouired in device Tabrication, and the gap areas bevveem 


electrodes which can assume potentials that adversely 


aifect the transfer process. 





PiU 2 53 GeV ee: 


or “ -© a is 
4 fy 
7 eet } 
e+ 56 ; 7+, 0 sue J ie 
s 7 . a 4 ¢ OCR ASA 
LOLA SES LD, PBA AI. RA Prep rere | 
‘ 


(a) Pret tee SUBSTRATE 








ees tes 
, ann Ve) 
a amin (b) 
—<——_—_——— *ef 
eRe) 996 — 1 
+. a 4%, Jo 
0 0-0 00-0 gamer 0 dk o 
bon lt bene 
900=— a0C = tet, 
Qos 909, tat 





(c) 





Figure 2-1. 
Transfer Process: 


Cnarge=Coupled Device Basic Siruccureeond 
(a) Gross section of @eme 


charge-coupled structure, (b) surface potential 
profibe atetheebeginnimeecf The @ranster cy cue, 
(ec) surface votential profiles during the trans- 
fer cycle, and (d) three-phase clock waveforms. 
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Figure 2-2 shows the construction and operaricise a) 
ZO-CCD. This type CCD not only is simpler to construe: 
mae the 3¢ but elso nas the advantage of minimizing the 
Seema. On becween electrodes. Tee direction of charge 
UrPansier <s cevermined by the asymmetry of the potential 
wells under two adjacent electrodes; the smaller potential 
[eemecNGaliy ene Thicker oxade cagses Che packet to flow to 
meet ehe only. The asymmetric potential wells necessary 
mem—pnwocuce Cirectionality can als@ be obtained with an ion 
Mie.ced Vavrier as shown by the™shaded region in 
Peete O-=2 . 

Other CCD structures include 46-CCD devices and a 
uniphase CCD just recently proposed [9] in which a silicon 


Weercmoe aves with a built-in @harge allows one-directional 


Mae Anput and output sehemes of the CCD are depicted in 
Pig. 2-3. Optical generation, the scheme most important i- 
GemomCnesis project, is listed in part c. of Fig. 2-3. 

Note that in the figure the radiation is introduced in the 
Mee Of the device, through the semiconductor. Other de- 
Vrees pass ine radiation throughwwindeows in the front. For 
example, Melen [17] uses polysilicon gates between aluminum 
gates through which the light image passes. Other devices 
coming into being are CCD witn depleted-buried channels in 
Weeeh the charge packet flows. These devices iyi wee | 
rapidly in popularity because of the elimination of surface 


states which plague surface CCD's. 
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D. FIGURES OF MERIT 

several figures of merit have been defined) ov amine 
mmored charge, efficiency of the transfems equi i beaumeweimne 
after deep depletion (storage time) and charge conservation. 

im,  Chanpoe Storage Capabilavy 

this is the ability sof sttheeC@ietorstore change iv 

Sememas on Che following factors: energy gap, doping and 
eeeectric constant of the semiconductor, the dielecuric 
Semiomeant and the thiekmess of ainsudateoryeand the intemace 
states of the MIS structures. A measure of charge storage 
capacity is the capacitance of the device which can be 
S@meeaned from the C-V relationship. The stored charge is 
divided between the insulator and the depletion capacitance 
mmmscesomiconductor. it. is, <@iecourse, beneficial towhave 
lee Ol the charge in the semiconductor, however, there is 
aaipeximum charge at which the surface potential of a well 
has the same value as its adjacent cells and the device cal: 
Memlonger function. A useful plot in estimating maximum 
charge ability is a plot of surface potential vs applied 
gate voltage. 

m Transfer Bificiency 

One of the most importentefiguees of meri is the 

mot of charge transierned  oruthe transfer efiacieneyeaa: 
Omen the efficiency, or laekwof it, mis desexribed Mal Gers 
O@ the percentage of charge remaining after autranster a in 
efficiency can be discussed in terms of element efficiency 


per transfer or device efficiency and values up to 99.9952 
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are common [26]. The importance cf wis figure of merit is 
amely demonstrated in the verieus Peports on =tier Tore ieo. 
fee's Where the transfer ePfichency #18 Whe primewiaveress 
(3, 7, 17, 27]. A measure of tne difference between the 
meeume ofvcharge that -extts a CCD tc the charge input by any 
fms LS given by n. The cawse of this loss is of major 
@eneern. 

One of the major source@ of charge loss arewthe 
interface states. These states are energy levels within 
meermenergy gap of the material that fill up rapidly but 
Sieeyemore slowly and as a»result some travel with the 
Gmeece packet from wrence they came and others join up with 
feeeemlowing packet. The study of interface state @denmsity in 
Pb, _ySn,Te (Se) alloy Semaconductor MIS samples is of megor 
iieerest in this thesis project. Two waysto ebiminate 
mas Cetrimental effect is to fill the interface states 
With background charge (the so-called fat zero approach) o- 
move the interface deeper into the semiconductor (the so- 
called buried channel approach). 

3. Transfer Time, t, 

The transfer time, defined by the time necessary for 
mierece traWetier to an adjacent cel, is dwe oie Weenies to 
Gar fusion but is aided significantly by parallel interelec-— 
ereccecleetrites fields existineemin he demice. The seraieicm 


time should be shorter than the thermal diffusion time for 


minority carriers. 





‘. Storage Time, t. 

The storage time is cerine@ as "the Game terse o ee 
Gee Clement to return to the steady State conditions. “i 
me function of device capacitance, applied voltage, and 
Mummers. Current of the device. 

Storage time is an important parameter since it 
eoewenaes the lower limit of the operating clock frequency, 
of the device. Storage time must necessarily be longer than 
tme period of the clock frequency or the device will not 
femecion properly. This thesis project will aiso consider 
Storage time which can be measured in principle. Typical 
values are b20.5 sec for Si-~MOS-CCD and for imaging applica- 
tions te must be much greater than the optical integration 
tie. olorage times are affected by surface states whose 
energies lie within the energy gap of the semiconductor. 
Pimemeace States consist of layer states characteristic of 
the oxide and interface states. Of the various types of 
layer states, interface states (of lower density) are more 
Significant since they have a higher minority carrier cap- 
ture cross section. 

we Charee Conservation 

Cherecemcan bes losteor cadined In the Miterelocugede 
gap region. If the region between electrodes is allowed 
memcnter accumulation, and there are minority carriereymaps 
peesent, recombination and trapping will occur and mine, 
carriers are pumped into the substate and lost. To prevent 


this ioss, one must ensure that the interelectrode gap 
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megions are depleted. The reverse May Gees iin eee 
Gaerelers from the substrate move into the Gherce pect we 
Meemeoage regions of the gate electrog@es. Thes citecre. 


emell if channel-stop regions are usec. 


E. NON-INSULATOR CCD 

mae Surface states are a real concern in CCD's and a 
eeeeatbple way to eliminate this adverse effect iS To provide 
fmeee red channel in which the minority carrier charge can 
form and move. The buried channel essentially eliminates 
the surface state trapping effect. A uniquely different 
buried-channel CCD which has no oxide interfaces has recent- 
ly been proposed [22]. This section is presented separately 
ieee asonS which will be evident later. These reasons are 
the result of evaporating a form cf alumina which had 
MeemeaecLeristics of a conductor and not an insulator. 

The two proposed CCD's are the double-junction CCD 
Mieco) and the Schottky-barrier CCD (SBCCD); both CCD's are 
Mera Of an insulation layer, characteristic of CCD's. The 
DJCCD is a p -n-p7 SUPUCTUre Tor n—Chanael Cel anGe 2 ie 
potential well is formed between two reverse biased pon junc- 
tions. Figure 2-4 gives the conduction band profile of the 
@eyice. Curve A in the figure applies for OV on the gate, 

B for +2V and C for -2V. The potential well is clea 
formed in the n-type region and, as can be seen from the 
figure, more that 90% of the potential applied to the device 


goes inte providing the depth of tne potential well. This 


ae 
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Figure 2-4. Theoretical Conduction-Band Profile for a 
Double-Junction CCD 
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effect allows for excellent efficiencies Beater sasec 7. 
eemacity is concerned. 

The SBCCD is basically similar Gory the DeeCD. “However, 
Che pe region is replaced by a metal iaye~. Its ceharacter— 
mes are Similar to the DJCCD except that leakage current 
ies larger. 

These devices are very promising because of various 
Beerons, the most important reason is the elimination of 
the interface states with the removal of the insulator 
layer. This reason is a distinct advantage to the labora- 
Eee that can produce good semiconductors but bad insulators. 
[wee conga real advantage for the DJCCD is the fact that the 
Meee driving voltage can be positive, negative or sinusoidal 
Since the depletion region is produced by varying the dec 
bees on the gate and not on the clock pulse. A third ad- 
Menibeape is that these devices are not so vulnerable to radia- 
leeeas Standard MIS CCD‘'s are since the radiation affects 
Geemensulator greatly and the insulator nas been eliminatec. 

Meee toasibility of produging suchucevices in the Naval 
Postgraduate Solid State Laboratory is somewhat promising 
Since good semiconductor deposition, on Pb-Sn-Te(Se) alloys 
Mee progressed to a fine art. On completion of the multi- 
source deposition scheme, the laboratory will have cthe 
Saeaodllity to produce such devices on a daily basis. Hevero— 
Junctions have already been produced for application to 


heterojunction lasers [10]. 
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Ill. REVIEW OF Pils Cosh tees ie 


Mae basic characteristizes of @@e CCD ane determined 
Wyastudying the MIS.> Ghree «maj ol” oawgaeme liens cewermelnad 
meomene surface potential, Pas 26 2 Lunctivneear applied 
Mevace, the storage time, and ths surfece state density. 
M@emsurface state density affects the transfem efficiency, 
the storage time puts a lower limit on tne clock frequency 
Of the CCD and Po LS.an indicavici oi cae Mepvetion widtn 
imeem 1S related to the amount of @erarge storec. This chap- 
emis: reviews the basic properties of the MIS ,and the 
Mmeemods of their investigations sue «zs the capacitance— 
voltage (C-V) curves, the conductci:ce-voitage (G-V) curves, 
the capacitance-time (C-T) curves and the derivatives of the 
C-V and G-V curves. This discussion vertains both to the 
ideal MIS which contains no interfece states (Nog), no metal- 
Go=semiconductor work function difference (dug) s negligible 
bulk semiconductor and insulator resistance, and the non- 


ideal case where these parameters are considered. 


Pele oCRLPTION OF AN IDEAL MIS 
In this section the basic MIS structures are discussed. 


Iv is important to note that no new theory was developed in 


é: 


The MIS structure is the basic cell of a CCD whereas 
the basic element of a CCD is a set of 2, 3 or 4 cells (MIS) 
depending on the clock pulse scheme used. 


Be 


Gais thesis but, rather, MIS structures jot sveag— yee 
were analyzed following the existing theory developed for 
femrcon MIS devices. 

imesure 3-1 provides a diagram of the enerey banger and 
@eeeee distribution in an ideal MIS for the accumulation, 
Gepletion and inversion conditions in a p-type semiconductor. 
mne development here will deal mostly with p-type devices 
Since p-type lead-tin alloy semiconductors were in abundant 
Supply to be tested whereas the supply of n-type devices 
was ferried.” 

mee p-type MIS, when a negative bias? (positive bias 
for a n-type MIS) is applied to the gate, the majority 
carriers (holes) are attracted to the interface between the 
memmeconductor and insulator by the attractive forces of the 
met negative charge on the gate. Accumulation is depicted 
in part a. of Fig. 3-1 with the bands bending upward. with 
Mememas applied, a flat-band condition exists in which the 
Sigemsy Dands are flat. When a small positive bias is 
applied to the gate, majority carriers are pushed away from 
the surface and a depletion region is formed. This is 


shown in part beeonele,. S-ieamd Ine bands uote. bent 


"The prepared n-type sample concentrations were in the 
mid 107% range and showed no C-V variation. 


>The bias on a MIS will always be with reference to the 
substrate. 


33 





SUOTATPUOD SBTq snoytue, 
JOJ SIW TeePl UF uoTanaTas4ystqg eBaeyg pue spueg ABasuq ‘*[-€ sansTYg 























a.) 
CON DSSS 
ae 
—..-. 2a 2 oe ee 
OW oi [ } x 
} \ t | B 
| 
. | 
7.) oe : 
(OO 
aC. 
SlDj ANS t 
ICAU S4alss09 Apiscui JO id 2D0j4NS WO} S4eisI09 GIOjMS IOIU $49'L109 
UGOjNUNIIO -~NOISH3ANI (2) Aiuolow 52 NOl4 31d 30 (9) Ayofow jo NONLYINWANDOY (0) 
{jD,oW] | 
aay 133 
uO! JOYde5 tD | 
i | lee 
A— 9 070 -ono8). 2a O<7\ 
Pat oe a Soom -_—=7 | ‘ | 
2) Se ae = a = 
vas | 
3—- ——- — | 
: | | Vs \ 
2] RR Se ee 5) ee 
: a. ey 
bal ‘ { 
*| Fieve 
; 1 | 
7 ae. iy  ~ \ 
| fauzonpuosiwes | sui .° ‘se 
adAy qd 1) ie! | 
a ee <5 i 


34 





Picnic” af the positive bias is inemegsed fiugtiter: 
minority carriers (electrons) will be attracted to the 
macerface and form an inversacn iayer. As the posa@irime 
bias becomes even laneenn more and MOremminorivty Garren. 
Meee exist in the inversion layer. In the latter two cases 
mmeomenerey bands are bene dewn further as shown in part c- 
of Figure 3-1. 

Hoots important bo note that the above descriptions 
meemecpletion and inversion region, applies only if tme oases 
ememee 1S slow enough for minority carrier formation at the 
interface. This condition is the de or low~frequency case 
miewmich it is assumed that the minority carriers are 
Bem@eraved and moved to the surface and that the majority 
carriers (holes) formed in the rest of the depletion re- 
meme are removed. The minority carrier charge formation 
may not always occur. Whether it does or not is of major 
importance to CCD applications since the rate at which the 
Maversiom layer appears determines the storage time. In 
ac development which follows it is assumed that the dc 
ieeas iS varied Slowly enough for the minority carriers to 


Peiow. | 


Omhe intrinsic condition occurs when en equals number of 
meenority and majority carriers Exist at the surtace. ime 
m d=gapmenercye level at the surface, in this ease, jawequce 
to the Fermi band, and the corresponding bias veoltazemaa 
mMeterred Co as the thresnela voltage. 


Mthis concern does not apply to the majority carriers 
whose relaxation time constant is very short, t = ¢€/o. 


Sp 





An expanded view of 


the energy band diagram of a p-type 


Mee under inversion condition is shown in’ FPiesy3=225) ioe 


Perameters used in Figure 3-2 are: 


V = valence band level 


C = conductor band 


E 
E 
me = intrinsic band 
Ep aereomn level in 
E 


FM Fermi level in 


doo= Works Tunction 


level 
ewe: 
Semcon auicwor 
metal 


in semiconductor 


ov = work function in metal 


d? = potential in semiconductor 


1 = potential in semiconductor bulk 


d = potential at semiconductor surface 


ieee ideal case, the space charge within the semiconductor 


is given by 


Q. = aCe. 


S 


il =50 


X=0 


cal) 


where o(X) = q(p-n + Np - Ne X = 0 is at the interface, 


0 and n are the carrier concentrations and N.- N, is the 


imeurity concentration. 


in thermal equilibrium, 


D A 
Hor MOonGegenerate Semi covuduevonmes 


Bq. 1 can be solved by applying 


feasson's equation and Gauss' law in the space charge region 


fw. ee The soliutmom is 


a ( 
een ae Ts] qn,t [2 (cosh (u.-U, ) =C Caine 


(23), 
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Figure 3-2. Expanded View of MIS Energy Band Diagram Under 
inversion Conditions 


Si 





where Ly is the Debye lengri ea ena.. 


ali i 
io. = | kT = ale Ce) 
D | 4 2qn. 3 





and Us(b)? in kT/q units, is the wetential at cmemouws face 
(in the bulk) of the semiconductor. Q,» Which is the inver- 


eon layer contribution to Q.> is given by 


1b! 


S 
—uU exp (u - u_) du 
Qn | | oe ay 2 hi )—cost ; Fu Sinh u,]2|{ ° 
U. i Peer u-u, )-cosh up, tu nh uy 
ge 
(4) 
These quantities are important since from Qe Geers pace 
@narge capacitance can be determined and from Qn the charge 
in the inversion lavier can be determined. The latter quan- 


may 15 instrumental in describing the charge storage cara-— 


city of the device. 


B. CAPACITANCE-—VOLTAGE CHARACTERISTICS OF AN IDEAL MIS 

One of the best known and widely used tools to study 
the nature of the MIS is the capacitance-voltage (C-V) 
curves. Shown in Fig. 3-3 is an ideal C-V curve for a 
p-type MIS. Notice from the figure that the vertical scale 


contains capacitance normalized to the insulator capacitance 


(C,). 
i. Bescription of Tyoteai G-—V Corves 
The information in a C-V plot is containegein tae 


Hewretion and inversion regions of uhe capacitance plots. 


In the accumulation region the maximum capacitance the Mis 
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Figure 3-3. Ideal C-V Curves for p-Type MIS 
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device can have is the insulatOr canacitance. ~Uhewime wir en 
@ampecitance shields any detectable chance in suriace 
Caeacitance. 

The capacitance in a MIS structure can be divided 
ime 5 types. These are the accumulation, depletion, lew— 
maeegeency inversion, high-frequency inversion, and nign=fre— 
quency deep depletion capacitances (depicted in Fig. 3-3). 

Mie Tirst three types of "capacitance were decemmrce 
mmeeeecion A above. In ™the"high-freauency inversion case the 
aemeereetial frequency is so high that the change of inversion 
charge enttrcnse and decrease of minority carriers due to 
ac Signal) can not be supplied by the generation and recom- 
Pai@eetOn rates in the semiconductor and the capacitance leyv— 
eeemeert:. this condition is really a partial inversion case 
feerre Che minority carriers act like fixed charges and the 
Semrconductor capacitance is effectively given by Cay = 
22 ae and exists for surface potentials greater than 
memue two times the potential in the bulk. 

In the le eeeatieney deep depletion case the de 
Dames sweep and ac signal are both rapid enough not to allow 
thie mension enaree O form. “AS 4a reste, vine Capadeteame. 
weeme Ceécreases even "further from the inversion case and 
Geese to zero, in theory. 

2. Theoretical C-V Equations 

In the low-frequency inversion case the total capa- 

citance of the device is given by the series combination of 


the insulator capacitance and the space charge capacitance. 


40 








om G46 which when normalized becomes: 
ale 

c AL 

mle Coe (5) 

C. 1 + C57, 

0Q. 
mince: CC. = -g ge, Ciehe ree oumre sla mamee or 

S 99. 


Q., above and substitution into Eq. 5 will yield the expres-— 
Sion for the ideal low-frequency C-V value. 
For the high-frequency inversion case, an effective 


depletion depth x must be considered saicesthe migoman, 


eff 


GCumerers do not follow the ac signal but are affected by it. 


iie sopace charge capacitance per unit area is defined as 





u 
S 
Co = a where X ore is Kore = | a. du G6) 
0 
and F(u,u,_) is the term enclosed in brackets in Eq. 2. The 
high frequency capacitance then becomes Eq. 5 with Eq. 6 
Suestituted for Ca. 
in hdigh-frequency deepadepletion case,» the C= rela- 
tionship is like that of a reverse biased p-n junction. 
This is really a aaeeisiien case in which the MIS is not in 
equilibrium and can be pained by a leaky oxide or if the dc 
Moo is rapidly swept from accumulation into inversion. 
Mme capacitance is again given by Eq. 5 with a different 


value for x, sanee in thitee case there is -novanvercsmuen 


ete 
layer and Q. = a(N, ~ N Xo pee The capacitance can be found 


to be | 44 
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:|. _ ae y 
DD 1 + La Orn 

q(N,-N,)KoX,° 


tmemceep depletion capacitance value is important in des— 


aepbane the storage time of the MIS. 


C. CAPACITANCE-TIME CHARACTERISTICS OF MIS 

When a MIS seiner wie is pulsed from accumulavxon inve 
feep depletion, the semiconductor surface potential LS ioee 
at the onset of depletion but relaxes to the quasi-equilib- 
memeanversion value in a certain characteristic time, T. 
This time is dependent on the rate of minority carrier 
generation at the interface and the rate at which the major- 
Meeewcarriers drift to the bulk region to neutralize the 
Memmzcd acceptor atoms. This C-t response characterizes the 
eeeenotOn length, the minority carrier lifetime, and the 
pitace peneration velocity Of themdewice. Other importens 
Pomeameters derived from the C-t response are the storage 
moe, |, and a measure of the maximum amount of charge that 
can be stored in a MIS under pulsed conditions. 

The C-t response of a MIS exists because the minority 
carriers can not follow the ac signal (or the pulsed dc 
bias). Figure 3-4 shows the relationship between the C-t 
ema C-V curves. After the MIS capacitor is pulsed into 
@eep depléevion, it relaxes to the quasi-equilibriinea ten. 
frequency inversion in time T. This relaxation is due to 


the appearance of minority carriers at the interface by five 
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Pessible generation mechanisms [21]: thermaigenera one 
the depletion region, thermal generation in the semiconduc— 
tor bulk region, thermal generation at the surface of the 
mee and external excitation such as photons and energetic 
\ 

electrons. The consequence of these mechanisms is discussed 
below. 

ee oloOrage Time 

the time, T, is a measure of MIS storage time whiten 
determines the maximum amount of time that a MIS, once 
pueeeed, remains in deep depletion. In MIS-CCD application: 
this time determines or sets the lower limit on the clock 
frequency. 

In the absence of an external source of minority 
M@aeriers, storage time is controlled by the rate of thermei 
Meemeravion of minority carriers. In semiconductors, like 
meee nairect gap silicon, this is a slow process and may 
take up to 200 seconds. Long storage times are favorable 
in CCD applications since it allows fewer unwanted non-sig- 
Mmeeecarriers to enter into inversion. If the charge 1s 
dominated by the thermal Peneravilon inf?tme depletion wayer. 
mes SCOrage time is approximated by T = et N/n, Wilene. i 
Mmmene minority carrier lifetime, N is the impurity concen- 
tration, and n. is the intrinsic carrier™=cencentragson sem 
Prectical CCD operation, the clock period of transfer should 


be at least one hundred times shorter than the storage time. 
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é@. Storage Capacity 

An important consideration for the CCD cperanpeenes 
Tiewmaximum amount of minority charge that can be Storéea in 
Sach MIS element. This maximum charge can be thought of as 
m@@e amount of charge which when placed beneath the gate in 
meeeaepletion region area of a MIS element in a CCD wili 
raise the potential to that of its adjacent neighbor (to 
that of the surrounding area) i.e., the surface potential of 
UMm@es transfer element becomes that of the storage element. 

in thissthesis, the stomage capacity svecrumaved 
Peeeome tOllowing procedure. First, the theoretical C-V 
Meet requency inversion and high-frequency deep depletion 
@epeeitance-voltage curves are computed. Q storage is esti- 


= =n i a 
mated as Q (Coy Dp?) = where V,. is the gate 


store 


Wemoberse in the inversion region. 


Pree ee He ReRELATED MiS CHARACTERISTICS 

Other methods used to investigate a MIS structure are 
the conductance-voltage (G-V) curves and the derivatives «= 
both the C-V and G-V curves. The G-V curves are not as 
popular as C-V curves in describing a MIS because not as 
Heemernformation can be obtained from these curves as can 
be obtained from the C-V curves. For instance, the dC/daV 
ecurve's peak is a good indication of the Plat-band voltage 


and G-V curves allow the determination of interface state 


8 


An example of the output obtained from the computer 
program output appears in Chapter VIII. 


2 





density. The information obtainable frontier, 

are carrier concentration, surface potential versus applied 
wemeape, and interface states among others. The dC/7dV veuryve 
is similar in aprearance to tne G-V curve in that both have 
Peres) in the depletion region and are flat in accumula@gion 
Em@emimavyersion. Tue exverimental determination of these 


Smeves Was not attempted in this thesis. 


Be. C-V CHARACTERISTICS IN REAL MIS 

mm Seape of the ideal C-V curve, shown in section =e, 
meee. Dertains to a stmucture with no insulator charge, no 
work-function difference between metal and semiconductor, 
no interface staves, and no surface charge. Flat-band condi- 
Taner (i.e. , where the surface potential goes to zero) is 
mum@ememetcto in this case, In this section the charactermstics 
eee rea! MIS are discussed. 

im Erhysical Changes 

iia So tbercheneges Iiecle real ars lao iene 
made it different from the ideal case are shown. Aerie Sy 
Seegec 1S the insulator charges which could include the 
mmeed insulator charges, ionized trapsg mebddve ions and in-— 
terface states. Second is the interface states in the 
Semeerconductor. Third is the work function difference. 

The insulawver chawece has the effect or producing a 
change in the potential of the semiconductor. This effect 
was deliberately introduced in the oxide insulator of sili- 
con nitride in the uniphase CCD described in Chapter Ii, to 


Produce potential wells in tne semiconducvon see directional 
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Figure 3-5. Classification of Charges and States in a Non- 
Ideal MIS 
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emarge packet flow. The interface states Wilthrietae sion 
bwoden gap of the insulator and semiconductor ("traps } 
me occupied and emptied at different rates. Fast interface 
Seaves react quickly and are usually found at the semicon- 
duetor-insulator interface whereas the siow states react 
Slowly and are found at the metal-insulator interface. 
2. Device Characteristic Changes 

Maiese cManges refer to changes in the device charac— 
@erastics such as the C-V, G-V, C-t and their derivative 
@eeves. in addition to the above mentioned causes of non- 
_eeeeeeoehavior, the following factors also effect these 
eummeves. These are high contact resistance and high bulk 
eemeration lifetime. 

When the only departure from ideal is the work 
function difference ae the C-V curve is simply shifted 
Memeo le! to the left or right and the amount of shift is 


9 


egm@al to this difference. When “the “departure anc ides 
Mmeeriace states that are independent of the swept de bia , 
mem the curve is also a Simple pawalleMesmart on ene vYorrage 
meeee”6 CLG amount of interface states is a measure of the 
@@earese occupancy of thevstates. The voltage shift including 
these two effects is AVA = dus - Qag/C; - 

When the interface states become dependent on the 


emer1ed dc bias, whose density varies within the energy gap, 


7 The Seatac tO Lhe Nenre tor esata ve =o and to the 
= . + 4 MS 
prem fOr positive Puc: 
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mime curve is shifted in @ non-parallel fashion alone 
mobcace axis but the ratio of maximum to minimum capacitance 
jmemunchanged from the ideal case. In the most extreme case 
Mm@ere the surface states do not follow both the ac signal 
meoedc bias, the maximum amount of deviation from the ideal 
case exists. Figure 3-6 provides a family of curves showing 
mere eifect of the non-ideal parameters described above. 
These curves can be considered a "finger print" of non-ideal 
Serves and as such can be used to rapidly evaluate the 
Quality of a MIS structure after an experimental curve is 
meeened. Note from the figure that part a. is simpy the 
meeo depletion case described in section B. 

Also displayed in Fig. 3-6 is the hysteresis? © 
errect present in some MIS samples. The amount of hysteresis 
am C-V curves is determined by the amount of current passing 
mea and through the insulating film and by the amount of 
Charge that is trapped in the insulator. Device hysteres?3 
does not necessarily make it useless. It is feasible to 
obtain a greater quantity of charge storage in devices di.- 
meeaying hysteresis. | 

Another non-ideal characteristic is drift or the 
inability to trace repetitively similar characteristic 


curves. 


lO ysteresis is the inability of a particular MTS sample 


to characterize similar C-V curves when the device is biased 
from accumulation to inversion or from inversion to aeccumu— 
lation. Hysteresis also applies to G-V, I-V and the deriva-— 
tives of C-V and G-V curves as well. 
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Figure 3-6. "Singer Prints" of Non-Ideal MIS 
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Be: Theoretical Changes 
Two of the major non-ideal effects ame Une chawee. 
mmc hne potential distribution in the MIS. They are signi- 


mead in the Eqs. 8 and 9. 


i = Vs + Ve + dus (8) 


-Qy = @, + Qog + Qo (acs) 


Al: 


feeerr Che inclusion of the work funevtvion difference Pug? Lhe 
@im@entlactor charge, and interfacial cnarge. Fiat-Band voltage 
jmmalsO changed and does not occur at Vg = OSM iS det ined 
as dye Qgq' /C; , where Q,,' is the overall effect by 
mempmreaged charge. These changes can also be represented in 
Memmmcomitctcance of the MIS as shown in the equivalent circuit, 
meee >-/. It can be obtained Tor experimental C.wand G 
measurements [28]. Their expressions are long and are not 
Mmeemuaed in this thesis. The combined device capacitance 


Mae low-frequency and high-frequency cases become 


i, (Cg + Cg) 
C = ac. fio. (low frequency) (10) 
mY s * ‘ss 
and 
C. Cy 
Cc oe (high frequency) : : GGiie) 
aL S 


These two equations are used in the computer program to 
analyze the experimental data. Equation 11 was used above 
to calculate both the theoretical high and low-frequency 


capacitances with different values of Co for each respeeeive. 


Syl 





Ci 


G + jwC 


Pigure 3-7. 
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IV. MEASUREMENT TECHNIQUES ON MIS 


The basic schematics of the equipment used and the 
Proolems associated with the experimental procecure are 
@eeeribed in this chapter. Three measurements were used: 
high-frequency C-V, low-frequency C-V and nigh-frequency 


C-t. 


A. HIGH-FREQUENCY C-V 

1. Basic Schematic 

The basic schematic for obtaining experimental high- 

frequency plots is shown in Fig. 4-1. Tne Boonton Model 72A 
@eeecitance meter provides a direct scale readout on X-Y 
merceeracr output for rum eeale @apacitance ramges of Bi .13, 
Meme 100, 300, 1000, and 3000 picofarads. It requires 
aioamiunm of setup time. The bias voltage which ranges from 
F200, t400, or t600Vde is applied to the back terminals 
and automatically appears on the front test coaxial input 
connectors along with a 15 MV-1MHz ac signal.*+ The metver's 
Phase sensitive detection system allows accurate capacitance 
measurement of devices with a @Qas low as cne. A de output 
voltage which is proportional to the meter capacitance read- 


ing is available at output jacks for the input to an X-Y 


hipee bias Signal appears on the low-coaxial input con- 


Mecvor if it is applied to the 1o back jack input andy. 
versa. 
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Figure 4-1. 
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meeorder in terms of 1 or 3 maximum output voltage for the 1 
mao 3 series scale settings respectively. 
ee Errors Due to leaky Gaisuliager's 

During the Tirst pnase of experimentation, Citra 
Mewes encountered with the measured Capacitance of the 
lead-tin samples. The capacitance meter gave some readings 
Semone Scale but not at all on other scales. For example, 
the capacitance was 28 picofarads on the 30-p scale but over- 
ieeeed Che scale on the 100 p-scale. The cause of this 
Seer aculty was not due to the Boonton capacitance meter 
Since it was pre- and post-tested for accuracy. 

The first cause investigated was the possibility 
that the mechanical probe punched through the metal gate 
meee one insulator. A second cause investigated was the pos- 
sibility that the high electric field existing at the tip 
of the probe produced dielectric breakdown. To avoid these 
problems, soft indium solder on the probe tip was used. 
This prevented the high E field at the probe tip by spread- 
ing out the probe eye over a larger area. it did not elimi- 
nate the problem. When the mechanical prebe tip was 
memraced by spits) lode telonemeng Walle biel” ster" qe laiee™ sate te: isha vebeloa' sx 
Seeererent scales was eliminated in some cases. 

Further investigation showed that the de leakage 
Mesistance of the insulator along the insulator surface 
and across it was approximately 1 Kn. This check provided 
a rapid evaluation of the sample as to whether it would 


produce useful C-V curves. Only those samples whose 


515, 





leakage resistance was greater than about 2K gave useful 
Oleeves. 

In order to verify the effect produced by a leaky 
insulator, a shunt resistance DOX Was laced across Uther ime 
pemples which were known to have a high value of de resist-— 
anee. Figure 4-2 and 4-3 show tne effect produced for 
mmemrous Values of shunt resistance. it is clear from the 
figures that shunt resistance (isaky insulators) produces 
Pmetmesctic change in the C-V curves of a MIS sample. In 
Fig. 4-2 the sample was a siiicon MOS with insulator resist- 
Mee Of greater than 1 M2. In Fig. 123 Se same efreer 
as Fig. 4-2 was produced on a Ge~MIS which had an insulator 
Meeeovance of 10 KX. It suggested that the C-V curves for 
amis with leaky misuila@wers less than KY resistence de 
mere produce meaningful results. For leakage resistance 
between 1K®2 and 10K2, C-V curves are probably distorted. 
memwever, the changes in C-V depletion and inversion is 


meet clearly evident. 


Pee c-t CURVES 
m basic Schemavic 
C-tameqsmrementse were carried out using the same 
setup as for the C-V measurements. A Square wave from the 
Wavetek signal generator was used. The voltage variation 
necessary to switch from accumulation to inversion was ob- 
tained from a check of the C-V curve which was accomplished 


prior to the C-t measurement. For tnose MIS whose storage 
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fms are too short to be recorded On the A-Y recede 
Tektronix Model 422 oscilloscope was used to observe the 
feeeresponse. 
2. Errors Associated with C-t Measurements 

C-t curves are WiMeaSurable when the Einsulater is 
leaky because of the available supply of minority carriers. 
Meme Chis reason, most lead-tin MIS samples displayed no C-t 
meemeonse. Moreover, C-t curves are observable only if a M&S 
displays a high-frequency deep depletion capacitance. —“ i 
M_emerraracteristic deep depletion capacitance is observed, 
the semiconductor is already in the quasi-equalibrium inver- 


emem and can not relax any further. 


C. LOW-FREQUENCY C-V CURVES 

Because the Boonton test frequency is set at 1 MHz, a 
Seeeecrent experimental setup is required for low-frequency 
C-V curves. The C-V experimental test setup is depicted in 
Fig. 4-4, 

The Princeton Applied Research (PAR) Model 124 Lock-In- 
Amplifier (LIA) is the critical part in the experimental 
Seep. A thorough understanding of how it functions is 
Mecessary before it can be used efficiently in obtaining 
meaningful experimental C-V curves. This section will 


Semsist only of a brief explanation of the LIA. 


tei ph-frequency deep depietion capacitance denenasmaem 


the sample type and also on the conditions under which the 
Sample iS measured, i.e., temperature and iilumimnarvionm 
emai .Ons . 
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Figure 4-4. Block Diagram for Low-Frequency and G-V 
Measurements 
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@emasiderable information on its operation can bevoscawieo 
from the various PAR application notes. [5, 25]. 

The LIA's forte is its ability to "“lock-in' the signal 
fmeequeney to the center frequency of the pass bands of the 
Mmeeicine wcircuits and tuned amplifiers in the device. Tails 
meock-in" feature can be obtained for an external oscillator 
used as a reference or it may lock-in internally, depicted 
in Fig. 4-4, to an internally generated sine wave signal. 

Mine Signal detection ability extends down to the nano- 
fmeeece range but at the high-sensitivity scale required for 
fmoeoe Nanovolt measurements, the noise problem is consider- 
able. Fortunately the required sensitivity scale for C-V 
mueewes Was high enough to eiiminate the high sensitivity 
Perse problems. 

eonal detection in the LIA is accomplaishe@ titrougn the 
meres Oot a phase sensitive detector. The phase detector pro- 
Mees an output that is proportioned to the signal input 
amplitude, /V_/, and the phase difference between the refer- 
Smee and signal input , do7$,, . The magnit@ademor the refer-— 
ence phase is not considered in the measurement. 

Paecure W—5 Shows= Ene equine lem’ scarce Wane wn ch des erent oes 


~~ 


ie low-frequency phase sensitivity measurements, v, Vi» Ve 
and Ve are the phasor Quantities Of thes Volmoeoc ay suc 

Memetous positions shown. When these four voltages are com-— 
bined with the Thevenin equivalent voltage of the oscillator 


Smeput as seen from the gate of the MIS, the followings 


equation results 
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AV 


th 
Vv, =O * 4G, [ (GIG...) cos B-wC Sin 8 
(G+G,)?+w*(C+C,)* x i 
: sin gy \ 
+ (w(C+C,)cos 8 + G sin 8) (12) 


mere Y = G+ jwC is the admittance of the substrate of the 


MmeecOo pround including the ampii"1ex. Ly = Gy + JuC,y eS 


@me admittance of the MIS and § i& Gme toval phase angle 


peven Dy 5 8 = di 7 Pp ~_ Pin 


Hewation 12 simplifies to the foilowing equation when 


AS 
G>>G, and C>>Cy 


C 
= _* 

= lav. 0 : ell Siw, 
fees, the output is a measure of capacitance if the two. 
Mmeeerictions on Cy and Gy are met. A Similar result obtains 
for conductance. 

The accuracy of Eq. 13 depends on the proper adjustment 

14 


or 8 If 8 deviates from the correct value by an amount 


AB then the capacitance deviates from its true capacitance 


mo. 
a = so- AB (14) 


where the quantity WC, /Gy = Qy is the quantity of the MIS. 


For a capacitance of 1000 pf, a resistance of 10 K® and a 


—6 


13tnis relationship exists if G is on the order of 10 
and C is about 1000p. [28]. 


146 is controlled by the LIA phase knob through o. and 
by the amplifier sensitivity setting through > A 
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feeauency of 1 KHz, Eq. 14 becomes 
ms = 100 AB. CIS) 


moms Che setting of 8 is critical in obtaining error-free 
Beeecitance curves. On the other hand, it can be shown 
eoat AG, /G, = .010A8 and apparently the conductance can be 
Meeeured with little error for relatively large phase errors. 

Two types of preamplifiers are useable with the LIA for 
C-V measurements. The Model 116 differential preamplifier 
Pequares a measuring resistor across its input to ground. 
meemvalue of this measuring resistor depends on the conduct- 
@eeemo: Che MIS under test. For MIS conductance of 107 Ox 
Beesmeasuring resistor should have a value of approximately 
meow. For larger conductances, Che measuring resis ec amce 
meoeomincreases. A measuring resistance value of 5K was 
required on the Ge-MIS. The Model 184 photometric preampli- 
Memos Che better of the two amplifiers for three reasons. 
Mmeee reasons are: 1) an input signal monitor is provided, 
2 ) it is a more sensitive current sensing amplifier which 
requires no meaSuring resistor, and 3) absolute capacitance 
values can be obtained by calibrating the LIA with standard 
capacitors. Since the 184 has a virtual ground input im- 
pedance, it can not be used with devices that show high 
leakage. 

The LIA can also be used to give high-frequency C-V 
pence it is sensitive to ac signal frequencies Up come ae 


and this frequency is the high-frequency capacitance case 
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on many MIS (Si-MOS, for example). It can aiso give con- 


Smecance measurements by simply changing the reference 


- 


phase angle by 90°. The derivatives of the C-V and G-V 


eurves are also obtainable with slight modification of the 


meoc Circuit but were not attempted in this tnresis. 





Vi ANAT ete Ca eas 


Two computer programs were used to analyze the experi- 
mental C-V data in this research. They were originally 
developed for silicon MOS. It is assumed that they can be 
applied to germanium and the IV-VI alloy semiconductor MIS. 
Peerird program was developed to calculate the high-frequen- 
@pe maversion capacitance minimum for different values of 
meapconductor dielectric constant and different type 


; 15 
Maeuletors. ~ 


A. COMPUTER PROGRAM TO ANALYZE THE HIGH- AND LOW-FREQUENCY 
C-V DATA 
This program calculates and plots the following types 
of information from experimental high- and low-frequency 
C-V data: the impurity concentration at the semiconductor 
mmomerec and within the bulk, plots of the variation of sur- 
face potential with respect to the gate voltage ON cee 
inputed C-V data (C-V), the inverse normalized space charge 
Reeitance squared versus surface potential ((C,/0,)?-U.), 
the interface state density versus the semiconductor poten- 
tial (Nceo-), and the effective interface charge versus the 


mewential drop across the semiconductor surface (Qo pp Vo): 


1 The dielectric constant of the IV-VI alloy semiconduct- 
Or samples is not known exactly. Doshier, in his theorevti- 
Gel caleulation of C-V,sweed 400 for this constant “four 
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eioas program was adapted from a program developed th see. 
University of New Mexico for analysis of Si-MOS devices for 
megiation vulnerability studies [20]. 
i. Semiconductor, Ssuriiage and Appliec Potential 

This section and the following two sections conteéein 
Smly those equations necessary to allow an understanding of 
meeecomputer program and, as such, the equations will nov 
De developed in detail. Consider the differential capaci- 


tance of the MIS 
_ |dQm| 
E av, | (16) 


mere Qm is the charge on the gate and sp Se" TAew voltage 
Meeess the device. Since the differential change in gate 
charge is equal to the insulator capacitamec Times He 
Gartferential change in voltage across the insulator, the 


capacitance can be written as 
av 
7 oS) 
a C. e ~ av. | (17) 


where Vo mS the voltage across the silicon surlace reaien. 


By rearranging the terms and imvegrating, this @@uataon 


becomes 
V 
a 
f 6 
Vo | [p-af ama tk 
aL 
= Ug + K, where U. is the integral. (18) 


If tne high frequency normalized capacitance is considered, 


Sewas to neglect the comtribution frem inver: ace 
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Gapacitance C U., becomes 


SS) 





'-) 
aS) 
ww 





¢ 
Ue = i av : (19) 
S a 
| = + i | 
j 


Tiae quantity (C,/C,)* can be obtained from the experimen- 
Gal high-frequency data from the relation 
f 


( 

ic; : Ce 
C ~ é -~ 1 
5 Sl leleh 








(20) 





The GC./C.)* _ Ug plot is obtained by evaluating Eqs. 19 
mame and is the first plot drawn by the computer. 

A least-squared-error fim is applied to the linear 
Memerroen Of this plot, if it eee” from the: slope of 


mie ane the surface impurity concentration can be found by 


2 
zi 


N. = - 2—_—_— 
E qA*m 


Czy) 


maere mis the slope. In the above equations, the surface 


4 : 
was assumed to be in depletion~! so the surface pewential 


1Oshe Ji nieeiest yarer bine ./Cs) wersus Uc plot is an 
Bmaitcation of two important properties of the MIS. If the 
curve is not linear or is linear in two regions it my in- 
dicate an inordinate amount of interface states or a gross 
memuniformity in the insulator or semiconductor. 


11 Depletion region markers showing ene denpleticn 2 eu 
used are plotted on the C-V high-frequency curve output and 
G@etermined by the criterion (.05C; + .95Cmin) = 0 S (eenerst 
-(5Cmnin) where Cmin is the minimum capacitance value. 
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mevld be considered zero and the inverse of the space @emaree 


Beaoacitance versus V, plot Mas a constant slope. 


S 
The impurity concentration in the bulk can be cale= 
Saved from the following equation which 1s valid when tke 


surface capacitance is at its minimum value. 


1. 
a|Vs| q|V } |* 
2 S S 
[Np = n,exp | ora | ee 2| (228) 





| 


C can be obtained from the experimental high frequency 


Smin 


Capacitance curve and is related to Vo by 


C= ae oe 
=) oman exp Cay ¥ | 72k] 


= . - [2(a|Vg|/e? = 2) 





, € 
o> «(0 


With Ny calculated and uSing the relationship 


i | 
al 


where oD iS Che pewmenmpial inv the bulk, the <consvant , Kein 


Eq. 18, can be determined and V, obtained as a function of 


S 
Ve: mes sisethe third plot output of the »program. Ihe 


program also provides tabular data of N N, and oy: 


5 (ie 
2. Interface/State Density 
The interface state density camebe found from the 


following equation 


tes = an Ses (25) 


is 


where Nog is given in units of Looleencsens2 70" and Cag 


found irom 
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= ap aL 
Cag = ; tee sa (26) 


Mee computer solution to Eq. 25 is the fourth graph output 


meine program with the horizontal axis being cefined as 


-(o) + Vo) and is valid only ing ehet cme] 26, <Vg<0 when 
@emesem conductor is in depletion. The Oregram also outputs 

p B p 9 
maecabular form, three values of ag a@err-esponding to Vo 
values of approximately “20. 5 Ue ehae, 00s 


3. Effective Interface Charge 
mine eCitective interface charge is a iorm of insula-— 


meme charge and is given by the equation 


C OV = ee A 
=geer' 5 a 5 
— Aa. — 


where Qs ean be determined from experimental data as follows 





(C. 
ca eed a 
2 od | | aV 
pe (CAKGe (A A Ng ge | eX Reto 
i | [ 
ve ) 
Nae qV | 
ae ba sinh —= (28) 
j] 


Mometion 2-/ is the fifth plot output from the program. 


Habular data for 3 values of Qer ere provided for 


and N 
e 


if WAG 


Vg Weel uese of “2o) —>y and 0. 
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B. COMPUTER PROGRAM BASED ON HIGH-FREQUENCY C-V DATA ONLY 

There are several papers on the evaluation of MIS 
structures from high-frequency curves [15, 18, 30] which 
provides the following information: 1) conductivity type, 
2) impurity concentration, 3) minority carrier lifetime and 
4) interface state density. Quantities 1, 2, and 4 are 
obtainable directly from C-V curves. Quantity 3 is ob- 
tained from the C-t curve when a MIS is biased rapidly from 
meeumulation to inversion. Other quantities obtainable 
from C-V curves at different temperatures and conditions 
_emedaree Cransport in the insulator, trapping effects, 
polarization effects, and space charge build-up due to ioniz- 
ing Pads ation._® Except for the last effect these quantities 
Meee NOt be discussed in this thesis. 

fm Conductivity Type 

wae devermination of SemlLconductor Coneuctiviry 

type is a simple matter from a high-frequency plot. One 
Simply observes the siope of the C-V curve as the dc bias 
is swept from accumulation to inversion (or vice versa). 
Jay ae Slope is Neeative, the SemiconduiccCmeus P-b ype anc 
at the slope is positive it is n-type. This method for 


determining conductivity type is faster than the Hall 


18 


The ionizing radiation effect is discussed in Chapter 
IX of this thesis. In that chapter C-V curves are evaluated 
before and after electron irradiations of a standard CN 138 
N-channel depletion MOSFET. 
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ig 


method, however, a drawback is the required imisultage: 
film deposition. A film deposition is not, ef course, 
required in the Hall method. 
2. <Intvertface State Density 

When the deviation from the ideéi C-V curve is the 
result of surface states, a determination cr these states 
eer be found by the amount of shifting tnat takes place on 
mre vVOltage axis of the C-V plot. A computer program that 
first calculates the ideal C-V curve and tnen compares it 
with input experimental C-V curves is discussed in this 
section [30]. 

ine Loliowing input parameters sare used: the accumu— 
Mmammon Capacitance in picofarads, the impurity ccncentration 
in em , the temperature in degrees Kelvin, the composition 
X or Y (for lead-tin semiconductors), tne dielectric con- 
meets FOr both the semiconductor and insulator, tne Imnsula-— 
tor thickness in Angstroms and the experimental C-V in 


€ither normalized or absolute quantities.~° 


1 the Hall method has been the standard procedure for 
Seewermining conductivity type. It entails applying a mag- 
netic field across the semiconductor in which a current is 
flowing and measuring the Hall voltage wnich is set up 
because of carrier drift in the magnetic field. This method 
requires samples in the form of Hall bars and reduced tem-— 
MPerature. A dDy-product, perhaps the major product, of me 
Hall measurement is the impurity concentration. 


0 : : : : : 
Capacitance values in the high-frequency inversion 
region must be input as negative quantities. 


ve 





Dine frei] onal quantities are the OutpbUTS ome] 
meogram: the Fermi level above the valence band, the mor 
malized high and low-frequency inversion minimum capaci- 
pee, <2 values eof “Capacitanee, walmessof the sumface 
Mmeeential in volts, the energy above the valence band to 
which the interface states are filled in ev., and the 
Semcity of interface states in ee 

This program was used in this thesis to evaluate 
the cases of n-type Ge-MIS and tne lead-tin alloy MIS 


samples whose low-frequency C-V could not be measured. 


C. COMPUTER PROGRAM TO ANALYZE HIGH-FREQUENCY INVERSION 
MINIMUM CAPACITANCE 
In the high-frequency inversion C-V case a minimum 


capacitance exists and is defined by the equation 





Om 
CainHF = ~Go (29) 
2 a | 
Say 
are 
where C.. oes 
Subents x 
inv 


Le 
4K, €, kT In (N/n,)}* 
and Xe ny = = 
qa’ N | 


elonese values are presented to allow a comparison of 


actual versus theoretical minimum capacitance values. 
Their agreement depends, to a great extent, on the value 
ee impurity concentration iInpuv. 





In order to determine Che cemeinaerons om Kes Kas N 
and Xs which will produce the low experimental vaiues mer 
C inkF for the lead-tin samples, a computer program was 
G@@yeloped to calculate C_. ase0 funevion of jgapurwes, 
minHF 
concentration (N), insulator dielectric constant (Cis 
momeconductor dielectric constant (K.) and insulator thick- 


ness (X,). The result of this analysis appears in Chapter 


wil. 
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mE. PREPARATION OF MIS Samrias OF IV-Vi SEMICONDUCTUR: 


mie=device fabrication» preces@ure as~extremely eritieal. 
mmiiaes Well «developed sitmeon imdustry, ates relatnvely 
Se@ey tO grow or deposit an insulating layer over a silicon 
meemrmand then vacuum deposit the metal layers However, 
fomemerohn Silicon, it is still dzfficult to produce repeat— 
able MOS devices. When applied to IV-VI semiconducting 
feemereials, this difficulty its more severe since the MIS 
Mmeeperties of these elements bewe mever been situdiheids 
Metmods for applying a good insulating film are not known. 
A good candidate is Rutile Carer) whose dielectric constant 
is commensurate with the IV-VI 2. TESnNeeseS = Presently 
Dr. N. Bottka at the Naval Weapons Center (NWC), China Lake 
m attempting to develop a deposition procedure for Ti0,. 
meroesection of the thesis contains the fabrication pro- 


meme Tor construction of the MIS samples. 


= : N m 
A. Pb, _ysnyTe AND Pb, _ySnyse THIN FILM SEMBCONDUCTORS 


The Pb, _ySn,Te (Se) studied in this research was in the 
meem Of thin films deposited on CaF,, BaF,, and KCL substra- 


tes using the one-boat deposition method and the Knudson 


cemhe lead-tin semiconductors have a dielectric constant 


in the range of from 100 to 400. Ti0., has a reported die- 
electric constant up to 100. Dielectric constants of 40 have 
been reported at Western Electric and a stable 80 at the 
University of New Mexico [12]. 
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mei deposition method. Metallurgical measurements were 
meme mede on the samples in order to determine their crystal 
memmeture, orientation, and thickness. Conventional elec-— 
trical measurements based on the Hall effect were then made 
imeem 300° K to 90° K to determine the carrier type, carrier 
@emeentration and Hall mobility. 

The sample preparation, metallurgical evaluation and 
electrical measurements were not performed by the author 
and will not be described in this thesis. A complete des- 
M@emeu1on of these processes can be found in Ref. ll. Both 
eeeele crystal and polycrystalline thin films were used. 
Mme@enmobilities of the thin films were in the range of from 
Beto 29,000 em2-v +-sec™* and the concentrations (p and n) 
memeed from 10° to 10% em™>, Figure 6-1 gives the shape 
of the samples used: one a Hall bar for Hall measurements, 


the other an optical sample for optical measurements. 


fo) LNSULATORS 

mewlator deposition is the most critical step in pro- 
@m@eing useful MIS structures. A poor MIS causes C-V anoma- 
lities such as drift with time, non-repeateble 
characteristics, and low-voltage breakdown along with the 
Peesibility of having no capacitance change at all. Causes 
meecunese anomalities are pinholes through the insulator, 
Mem—uniform insulator thickness, mobile ions in insulator 
mea interface states. 

Si-MOS fabrication techniques are well established. The 


major insulator material used is Si0, and is produced by the 
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Figure 6-1. MIS Thin-Film Sample 
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Omidation of the eer of the semiconductors Her ilkemes 
well developed semiconductors such as the III-V and IV-VI 
semiconductors, other techniques had to be developed. 
Extensive MIS fabrication procedural work has been conducted 
at the University of New Mexico for GaAsSP samples. Various 
imewlator deposition methods such as RF sputtering of Si0,, 
Al,90,; ey ane Ta and wet oxidation were tried and dis- 
carded after they were found to produce unstable insulators. 
The technique that proved to be most successful was the 
passing of atmospheric-pressure-dry oxygen over the sample 
at temperatures of 710° C or lower and then annealing the 
samples in nitrogen for more than 40 minutes. The cleanli- 
ness of the sample is critical. Mechanical lapping and 
Petishing accompanied by chemical cleaning and polishing 
of the semiconductor surface before insulator deposition is 
an involved and complicated process [19]. 

The deposition scheme used for the Pb, _,Sn,Te (or 
Pb, _ysn,Se) samples consisted of first cleaning the samples 
with trichloroethyne, then ethanol and finally a rinsing 
in heated deionized water. The samples were placed in small 
flasks of trichloroethyne and hand agitated for 3 minutes. 
ie trichloroethyne was replaced in the flask by ethanol and 
eelvated again for 3 minutes. The final cYeaning step con- 
sisted of replacing the ethanol by heated deionized water 
and agitating before the samples were removed and dried by 


passing dry N»2 over them. Metal masks were then put over 
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the samples and eas into, thea vacuum SYStem asmsce ume. 
Gemeble to avoid surface contamination. 

The deposition equipment consisted or a Norton vacuum 
Station with a Temescal 15 KV. E-gun and Sloan deposition 
thickness monitor model DTM-3. The system was evacuated 
Swemnight, to approximately 107! Torr. ihe B=fcun currens 
Was next increased slowly to out gas the evaporant and pre- 
Memo Souttering. 

The final step before the actual evaporation was to Ifo- 
cus the E-beam spot size on the evaporant to ensure proper 
Meating. With the shutter in place to prevent sporadic 
eVaporation until the evaporant was heated properly, the 
B-gun was brought up to operating power which was approxi- 
mately 20% of the maximum 15 KW full power. When the evap- 
Orant was observed to be properly melted and the Sloan 
model DTM-3 deposition thickness monitor was set to its 
Beeemeteve!, the shutter was reMoved and the depositicn 
began. The Sloan meter frequency was observed, a stop watch 
was started and evaporation continued for a predetermined 


23 


mecauency or time. The sample was then allowed to cool to 


é3the principle of “Operation of Ghemmii ss ioe Oo nae vie 
frequency of a stable local oscillator in the meter with the 
Meegquency of a crystal oscillator in the deposition jar, 
whose frequency is dependent on the amount of mass on it. 
The beat frequency of these two oscillators determines the 
thickness of the film deposited by the following formula: 


where 
T = eae T = thickness in Angstrons 
D Af = beat frequency 
p = density of deposited material 
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meom temperature which took typically 1 hour and them. 
Memes checked for physical eWaracteristics. Tabie sD 

provides a list of the samples prepared and the materials 
used for insulator. Adhesion properties on all samples were 
good except for ZnS. The insulator surface appeared to con- 


mon a fair but not nordinate»amount of obvious pinholes. 


Semiconductor ims valacior he knees 9) 
Bap yonyte (Se) Oe 100 
: Al, OR 300 
: a Op 980 
4 wicuier 450 
" ZnS 10002" 
x T10,, 500° 
GexCp.) ee 250 
Ge (n) parer 180 
Si } Si0, 100026 


Table I. List of MIS Samples Prepared for Experimentation 


2 
tons was deposited by thermal heating in the Physics 


Laboratory at the Naval Postgraduate School with the help of 
Mr. Donald Spiel. 


710, has not yet been deposited; however, the deposi- 
tion technique is being developed by Dr. Botka at NWC, 
China Lake. 


26 


The S10, over silicon was grown at Stanford Univer aume 


80 





C. METAL DEPOSITION 

Metal deposition was in the form of Ni pads thermally 
deposited through various shaped masks. The various shaped 
mrers afforded the opportunity to observe the effect of 
different gate areas on experimental curves. Deposition was 
mer ormed Similar to the above procedure. Depending on the 
thickness of evaporant required, in this case two small one- 
Quarter inch pieces of 50 mil wire, the evaporant was put in 
a boat and thermally heated first to form the two pieces 
Muvona Single bead and to out gas and then finally to evap- 
orate when the proper vacuum of 107° was reached. Thickness 
was monitored by measuring the evaporant resistance across 
ae2eby 5 cm area. When this resistance reacnedad 1 Kf2,the 
eeeoporation process was terminated. In all cases the 
Evaporated metal adhered properly. In several cases the 
metal was barely visible because of its thinness. 

Three other type metal gates were used. On the Si 
sample 30 mil. and 20 mil diameter aluminum gates were 
eempesited. On other samples no metal deposition was made 


and a small drop of ee 


was put on the tip of a probe to 
act as a metal gate. The Hg probe was also used on several 
Samples which had other Ni metalization which because of the 
mamness of the sample, allowed the point probe to punch 


@aeoueh the metal. The third type of metallization was in 


Tiere there was a problem defining the area accurately 
Since the area depended on the force applied Cerri 
mechanical probe. 
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the form of Au gates of 30 mil. diameter and on several 
wee samples in the form of Strips covering the Hall pare. 
ime scoid deposition did not adhere well. The Hg probe has 


mamen more repeatable results. 
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VIL. EXPERGMEN TAL RES clei or 


IV-VI ALLOY SEMICONDUCTOR MIS 


The experimental results of IV-VI alloy semiconductor 
MIS are presented in this chapter. These results consist 
primarily of high-frequency C-V curves. The low-frequency 
and C-t response were considered, attempted but not pre- 
memmea. except in one case for each, Since successful Essow.s 


were not obtained. Several G-V plots were also attempted. 


im MLS SAMPLES STUDIED 

MIS samples of 6 different IV-VI semiconductors were 
Mmeeeeincmvally investigated. Two different types of insula- 
memgemot three thicknesses were used. These combinations 


Meme. Fore with Al.O, and Si0.,, Pb g59n jate Wines 10 


27S 2 3° 
PD 999" ole with A159. and Si0,, PD 76mm oyte with A193, 
® 12) Sk ee 
PoSe and PD 97°M_ 9308 with AL5025 and PD 99°" 19% With 


Si0.,. They are also listed inmgbatbikes fl and i1il.- Dhesmea)er 
portion of the measurementS were made at room temperature. 
Geiser al samples were tested at liquid nitrogen temperature. 
Since most of the samples showed leakage through the 
insulator, the measurement method using the lock-in-ampli- 
fier was not useable and, consequently, only a few low- 
frequency C-V measurements have been obtained. G-V plots 


were also attempted on several samples but only one success- 


ful curve was obtained. 
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B. HIGH-FREQUENCY C-V RESULTS 

This section contains the experimental high-frequency 
C-V measurements at room temperature and at liquid nitrogen 
temperature and some low-frequency data. A theoretical C-V 
@eurve is first presented and followed by the experimental 
eurves. 

ie. Pb, _ysnyte MIS C-V curves at Room Temperature 

Moc wuadeGrey lea c-V Curves for tne Pbhie and FD 

Pb, gSn, oTe MIS samples at 300°K is presented in Figs. 7-1 
meee (—--. The material parameters selected are the following: 
impurity concentration assumed was 1X10” em >. semicond- 


uctor dielectric constant assumed was 400. The high frequen- 


myeU-V experimental data are presented as follows. 


Meeeas  - | #MiS Insulator = pioure Numpen 
Semiconductor ana Thickness (CAS) mens a. 
PbTe AADC , “SiGe (5 

Sar (Hib) 7-4 
Pb g,Sn Te | Ae, (3009 (5 
Pb g)Sn 5)7Te Ag 0, #06) 7-6 

Nile eye} (er 

Sid ,(450) fae 
Pb 76Sn_51,Te hol Orme hee) (SS 

Al,0, (300) 7-10 


maple Il. Pb _xSnxyle Semiconductor Mis Experimencommay, 
investigated 


8h 





, (Oy00T) “0 Tine: Iogear nsUgee: gic et 
c UO 4, OTXT = N ‘(TeePL) SIN eLGqg Joy aeaand a-O TedT4edoeuy 


ocG vee me Se ol Set oe 


r 


(A)?A 


eae 


— 
Sera 


tg 


Gime 


(-_0TX) Povo 


"Tah Sasi 


Os 


=i 


| 


a5 





(oVOGH) “OTS :aogeTnsur *¥,.00€ = A WO gOTXT = N 
‘(TBAPLT) SIW apO¢ us08 qg doz aAuND A¥O TeoTyasoayy *2-) aan3Ty 


ocG Sie (gue Gee vee mate iene oie 


aR ee a SU 











(A) A 


a et re 


Ez 


t 


(=2018) 4079 


86 





-doOJVeTNSUT “WoO0E 


bog 


“SIN e8Lad 


ren 
eve 


(Aon) 0 ny 
IOJ 89AIND A-O Tequaewzusdxy 


te RO: 


+ 


a a 


AG 


dAInNn3ST yy 





87 





(oVOSH) “OTS 
;dogertnsuy “y,00€ = © SSIW 8Ldd Jog aAaND A-O [Tequewfdedxq_ “*y-] sdnsTy 


cid boo vot ey woe: Sale eo: ees CCG: 


to 


200 





88 





eo CSOs ) ‘oc Ty (megs isaz 
ctw eg8l’uge8"aq aogy aaang A-9 Tegqueutaedxyg °G-) aun3tyq 


Pouy Pues (Cas 0s v CD - r le - 








22 





LJ 
tr 
© 


Tt 
(TX) 9/2 


89 





a 


Lon | 


: . (oVOOT) “O°TV :404eTNSUT 
WoOOE = L SSIW ape" ug08' qq aog aaand A-O TequaUTaedxgG ‘g-) seun3Ty 


Ror g20 2c noes pets? ci ditt bto- 
iH 
é «4 
Zi69 
ps20J | 
E154 Sy 
s 
t 
(,_0[X) “9/0 








“YoOOE 


(A)%A 


706 


_ 


A 
U 


ld 
} 
Uh 


man 
vl 


: , (o¥WOOE) “07° Wi: toaeTusuT 
L ‘SIN ap0¢ ug08 qq dog aAung A-O Tequoutuaedxg 


"J-] adnsty 
o0- . 


ve CTO- yro- 


2 
oN 
=> 

t 





co 


Or 
a @ 





" Yoo Oe 





tu) 
vl 


fj 


L ‘Siw o10¢ ug0s aa 


a ad oe 
euw 


(ouOSi;)) 01S = a0 ferme 
JOJ 89AIND A-OD Te4UuUowuTusedxyY 


es es uel 





y 
u 


ure 


"g-) aan 


BT 
uco~ 


92 





“WoOOE 


600 
(A)A 

Tib9 

_ Cit 


YW 
r 


Si 


#00 


; : (gvOOT) “O° Ty : segeisuT 
L ‘Stw ante*ug94*qq aog aaang A-O Tegueutaedxg *6-) ean3Ty 


Boe #00- b50- i urn- 


wie | | 


2a 
| > 


OT 


_OTX) Foo 


os 





° : (oVO0E) Fo Ty SAO we Th Sul 
‘Wo00E = L ‘SIN ane ugdL"qq soz eaand A-0 Tequeutaedxg 


Go0 ou aap ecm Go0 - cube 





0/0 


er 
GTU 
} 
f 
‘ 
| 


“ OTRSE 
a 


g4 





Theme are sevemal Gdiltferencce ver ycem. oi. eee 
end experimental curves. First, the »measured fiegh-frequenc, 
minimum capacitance is much lower than the theoretical 
mamue. Possible explanations for this capacitance differ-— 
eneeware the following: nonuniformities in the insulator 
“or aemLcommuctor, the semiconductor daelectric constant may 
not be as high as 400, error of the impedance measurement in 
me determination of capacitance brought out Dy the leaky 
mm@eulavor. ithe latest factor was discussed in detail in 
meaocer Voand is, in smost probability, the major cause for 
Miemeaiierences. Although this difficulty with leaky insula-— 
moeeomexXists and the curves are distorted, depletion and in- 
version layers which were controlled by the gate voltage 
seem evident from these experimental results. 

Second, drift was common in almost all the samples. 
Drift is not included in these figures except in Fig. 7-6 
mae tt 1S presented for™gate 3. Third, hysteresis eifects 
Swyemames were found. Their effects were generally not 
large and are not presented. 

Romieeh, there is @ften a Smell hump in the C-V curve 
near zero as shown in Figs. 7-3, 7-4, 7-8, and 7-10. 

Kafth, the vedswage bias ramges ‘eraom the accumulation 
to inversion is much larger than the theoretical results. 
| Sixth, lowefrequency and high=(requency deeper 
mmor C-V curves can not bewoebtained. 

Figure 7-9 shows a G-V curve in addition to the high- 


frequency C-V of a sample. G-V measuremnnts were not 


She 





attempted in general, since G-—-V curves do not provide as 
much information about the sample MIS as C-V curves do. 
Future success with G-C curves could prove to be of value if 
Pow-itrequency curves are not possible. Errors associated 
with phase-setting on tne LIA G-V curves for leaky insulator 
@eemers NOt as critical as it is in C-V curves. This was 


@ascussed in Chanter V. 


Qe Pb, _ysnyte MIS C-V Curves at Liquid Nitrogen 


memperaturme 


Considerable difficulty was experienced in obtaining 
how-temperature C-V curves. First, Hg freezes at liquid 
feeerOeen temperature and the measurements become irratic in 
Meny cases. Second, the samples were immersed in the liquid 
mrctogzen in the cold thermos and the bubbling of the liquid 
Mmerrogen near the sample caused jitter in the measurement. 

Figure 7-ll snows the temperature variation of the 
high-frequency C--V of a PbTe(A1,03;)MIS. The lowest temperé- 
Stems labeled Tl in the figure. The accumulation capaci- 
tance was found to decrease with temperature. It contradimgs 
the theory which A Gens that accumulation capacitance re-— 
Mains constant for all temperatures. Instead, the inversion 
capacitance should decrease with temperatures since the 
Manority carrier lifetime is reduced. This spor naies of 
Wemeerature variation was not characteristic of all Uthe 


samples. Another sample, Fig. 7-l2,for example, shows two 
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low-temperature curves for different gate aes Trig Giaaes 
case the trend was the opposite and the inversion capaci- 
tance went down with temperature. This fact is not clear in 
Pig. ({-le since the capacitance is normalized to the insula- 
Morecabacitance. The absolute capacitance values in this 
case were 6 picofarads in accumulation and 2 picofarads in 
inversion. The accumulation capacitance represents a dras- 
tic reduction of the typical measured accumulation capaci- 
ance at room temperature. The major difference present in 
these curves over the room temperature case was the percen- 
Cage change between accumulation and inversion capacitance. 
Tm the majority of the room temperature cases, the percen- 
tage change was 40%. The reason for this difference is un- 
me@wa. in general, low-temperature curves have been 
Mr tacult to obtain. Since the lead-tin semiconductor MIS 
will be operated at cooled temperature, low-temperature 
ieaourement must be determined in the future. 

Sis Pb, _ysnyse MIS C-V Curves at Room Temperature 

The theoretical C-V curves at 300°K for a 


Se (Si0,-450A°) is presented in Fig. 7-13. The 
= 5 


ORO 


carrier concentration was 1.0X10* cm The high-frequency 


experimental C-V curves are presented as follows: 


28 


Gate l1 in Fig. 7-12 represents the room temperature 
ease for the sample. 
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MIS MIS. Insulator 


Semiconductor and Thickness (A°) Figure Number 

PbSe A1,03 (300) 7=a4 
A1l,0, (300) Vals 

Pb 97Sn Se A1,0, (300) / =e 

Pb 995n 4 )Se Sid, (450) j=l) 


Meee tiT. Pbhy-ysnyse Semiconductor MIS Experimentally 
Investigated 
The difference between the theoretical and experimental 
curves is obvious from Figs. 7-13 and 7-14. These differ- 
mmo are the same as those discussed for PbsSnTe; however, 
mee are even larger because of the small capacitance varia-— 
tion in the theoretical curve. All experimental C-V curves 
Semrain a large capacitance change from accumulation to in- 
version. The only low-frequency C-V curve obtainable ap- 
pears in Fig. 7-15 for a PbSe (A1,0,-300A°) sample. The 
iem-1regquency was obtained at l10KHz, but it is not the tru: 
low-frequency curve since the inversion and accumulaticn 
capacitances are not equal. Lower frequency curves were 
meered but not obtainable. 
4. Pb, _ySnySe C-t Response 

The capacitance time response was attempted. But, 
because of the short minority carrier lifetime of the samples 
at room temperature, no results were measurable except for 
a few cases. Figure 7-18 gives the C-t response for 


ED goon 10°¢ pulsed from -15.V to 0.V at room témperavaree 
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It is clear from the figure thaw them rane wioua  - wee 
relax from the deep depletion to the quasi-equilibrium in- 
wersion is about 0.1 sec. This storagce time of 0.1 sec, 

is — longer than the expectedetime whiteh is on the Omder 
of a millisecond or less. The validity of this measurement 
is questioned; however, the same result was obtained at 
Serious different gate locations on the sample. Storage 
Limes of this magnitude would allow normal integration and 


readout times for an IRCCD application. 


C. ANALYSIS OF MEASURED C-V DATA 

Because low-frequency results were not satisfactory for 
mieeleaga—-Cin semiconductor MIS samples, the computer pro-— 
Meceaeveloped for use with beh high and low-frequency C-V 
emmves could "not be used except on one sample where a low- 
frequency C-V curve was obtained. The program based on hign- 
mecmuency C-V data only, was aiso tried. It too containe= 
Smrors because the minimum experimental values of capaci- 
bemmece were much lower than theoretical values. The thiré 
eeeeo, Ol chis section contains computer calculations of 
Minimum high-frequency capacitance versus impurity concen- 
Geation with insulator type and thickness as parameters. 
The purpose of this problem is to determine what combinations 
of MIS parameters of the semiconductor and insulator would 
lead to a tneoretical C-V in better agreement with the measured C-V results. 


1. Low and High-Frequency Data Analysis 


The data analysis computer program discussed in 


Chapter V was applied to the C-V curves of the PbSe sample, 
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Big. /-l15. Because the curves are distorted fren nema. 
C-V variation, it was expected that abnormal behavior 
woud result. 

No useful output curves were obtained. The tabular 


Gate output appears in Table IV. The impurity concentration 


Quantity VELL 
ENS ~1.62X10%® em7> 
ENB ~1.37X108 em7? 
dy -0.189v 
ae Grey = =Car) 1.24x102 em - 
N.. (at ¥ = 0.0v) 9.35X10" om~* 


Table IV. Summary of Data Analysis Output for PbSe 
(A1203-100A°) MIS from Experimental High and Low- 
Frequency C-V. 





Goes not agree with expected values. For example, the 
impurity concentration in the bulk (ENB) is less than the 
intrinsic concentration (about 10% em~°). The N., value a 
meoemey the value expected. 
fo. High -hrequency enue Data Analysis 

The high-frequency only data analysis described in 
Chapter V was applied to the high-frequency curves of four 
eemeles: PbTe (Si0,—-450A°), Pb 9)5n 59te (Si0,-450A°), 
Pb 768n 5,1 (A1,0,-100A°), and PbSe (A1,0,-300A°). The 
results of this analysis appear in Table V. Table VY sense 


that the normalized theoretical minimum high-frequency 
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eapacitance is much larger than that obtained experimenivaim... 
mmerefore, errors are expected from this data analycuss een 
the PO 7e6en ante sample the theoretical minimum capacitances 
is lower by 2 considerable amount and more accurate results 
were obtained. Note that the interface state density in 
all the samples was about WO! ei This density is ave 
Seorcers of magnitude higher than that obtained from good 
quality Si-MOs. 
3. Theoretical Minimum High-Frequency Capacitance 

Analysis 

Because of the large difference between theoretical 
ememexperimental high-frequency minimum capacitances, the 
meeerem, Giscussed in Chapter V, was developed to determine 
mereecombinations of insulator thickness, insulator type, 
semiconductor dielectric constant and impurity concentra- 
teem WOuld lead to better agreement of these capacitance 
feomenes. Each set of data pertains to a certain insulator 
type and thickness and the minimum capacitance versus im- 
Purity concentration is pl6tCed With the Semi conduct or 
Geeeiectric constant as a parameter. The results of this 
analysis appear in Fig. 7-19 for A1,0, (100A°) and in Fig. 
fore for TiO, (100A°). These two figures represent tm 
closest agreement with the theoretical minimum capacitance. 
Table VI gives the absolute capacitance minima. Insulator 
TLO, was considered because its high dielectric constant 


makes it compatable with the lead-tin semiconductor. Table 


VI indicates that TiO, at 1,000A° gives about the same 
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Constant 
mo, (LOOA) 100 
ao. SScon]) Too 
Sid, (450A°) 100 
mo, (1LOOA® ) 100 
mero, (500A°) LOO 
med, (1,000A°) 100 


Minimum Value 


of 


Normalized 
CMINHF 


461 





(20 
897 
. 086 
320 
- 488 


Minimum C 


Timp aaed Gay 
Concentration 
Gites) at 


MINH 
Wea) 
FU CTL10) a 
4x107° 
aror = 
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liane" 


Table VI. Summary of Absolute Capacitance Minima for IV-VI 
semiconductor MIS 


value of minimum Capacitance ay does 100A° of Al,0,. The 


best fit with experimental minimum capacitance is 100A° 


TiO, . 
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VITI. EXPERIMENTAL RESULTS CE SCERnr ei yeU arian 


Experimental analysis for two different types of Ge-MIS 
mesaescribed in this chapter. To date, almost no research 
has been done on Ge-MIS. Si-MOS is well established and one 
doesn't gain much of an advantage from Ge with its energy gap 
of 0.67 ev., except that its spectral response moves farther 
TOWard the infrared. The study of Ge-MIS by the author is 
peeemmc C€ffort with Dr. N. Bottka from NWC, China Lake who 
m5 doing electro-reflectance research for both basic band 


eeructure study and applied tunable IR filter development. 


ieee aVICE STRUCTURE 

The devices studied were a p-type Ge-MIS with a resisti- 
vity of 0.05Q-cm and an n-type Ge-MIS with a resistivity of 
agen, ~? Tae samples were reclamcukes in shape of dimen— 
Sions 7 by 17 mm. The p-type sample had 250A° of is 0 Seer 
the n-type had a 180A° of A102 asminswlator, both Pesce Sl 
by E-gun evaporation techniques at NWC, China Lake. The 3 
by 9 mm Ni metal gates were deposited by resistive heating. 
Copper metal electrodes were epoxyed to both ends of the 
metal gate and sheilac was put over the surface of the gate. 


These electrodes did not provide satisfactory results for 


<I these values of resistivity correspond to impurity 


concentrations of 1.3X10*? em-3 and 5.0X1i0? cm-3 respectively. 
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MIS studies. On one sample an electrode dig et ia weeed 
G@oncact with the metal gate and no experiment ameces ma. 
mere possible from it. The metal electrodes on both cane - 


broke and the Hg probe method was finally used. 


Eee GORETICAL PROCEDURE 

The theoretical procedure for analyzing the Ge-MIS con- 
Smsted of obtaining first the ideal low-frequency inversion, 
high-frequency inversion and high-frequency deep depletion 
ideal C-V curves. These curves were generated by the program 
developed by Doshier [8]. The calculated C-V curves appear 
in Fig. 8-1 for n-type Ge-MIS and in Fig. 8-2 for p-type 
Ge-MIS. The tabular output of the computer program for 
p-type Ge-MIS appears on page 160. 

Tne p-type Ge-MIS C-V plot is typical of the curves des-— 
G@eebed in Chapter III of this thesis. Q storage is obtained 
imeem the difference between the high-frequency inversion ard 
deep depletion capacitance at a certain gate voltage. A 
typical value at V, = 7.53V, as seen on page 160, is 3.042 0% 
coul-cm~, which is comparable to Q storage for Si-MOs. 
Other quantities shown on page 160 are the depletion and 
deep depletion depths at various gate voltages, the flat- 
band capacitance (0.774) and the surface potential at the 
onset of inversion (0.449V). 

The n-type Ge-MIS C-V plot is not typical of the curves 
described in Chapter III. The primary reason for the 


difference is due to the low impurity concentration of the 
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sample, n, was 2.2X10" em? whereas the impurity concentra- 
tion was 5xX10* em >, This sample would not be useful as 

a CCD. Because its high frequency depletion and inversion 

@eypecitances are nearly equal, the storage capacity is very 


small. 


Ce EXPERIMENTAL RESULTS 
(he experimental procedure consisted of three parts: 
1) determination of high and low-frequency C-V curves, 
2) C-t measurement and 3) the effect of shunt resistance on 
the experimental curves. This experimentation was conducted 
pomeescribed in Chapter IV on experimental methods. 
1. High and Low-Frequency C-V 
a. P-type Ge-MIS 

The experimental p-type Ge-MIS C-V curves agreed 
generally with the theoretical curves with three differences 
as shown in Fig. 8-3. First, a hysteresis effect was four’. 
second, the measured minimum hign-frequency capacitance is 
larger than the theoretical calculation. Third, the fre- 
quency used in measuring the low-frequency C-V is not low 
Seewen because the normalized low-frequency inversion 
Sapacitance is less than one. 

The C-V data of this p-type Ge-MIS sample is 
not uniform as shown in Fig. 8-4 for three different gate 
Hocavions . The differences in normalized C are evident. 
In section D, they will be analyzed separately. Their low- 
frequency curves are also different but not shown in thus 
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b. N-Type Ge-MIS 
Figure 8-5 gives the C-V curves of the n-type 
Ge-MIS. They differ from the theoretical calculation in 
two ways. First, the measured inversion capacitances are 
higher than calculated values. This can be attributed to 


30 


high contact resistance. second, the gate voltage range 
over which the accumulation to inversion capacitance change 
is much larger. Experimentally this range was between -8.0 
and 16.0 volts whereas theoretically this range was between 
0.34 and -0.56 volts. A possible explanation of this dif- 


31 The 


Mmemmeeoecnis an over abundance of interface states. 
experimental curves are atypical of standard Si-MOS curves. 
Aitnough hysteresis also exists as shown in Fig. 8-5, it 
was not as noticeable as the hysteresis for the p-type 
Ge-MIS. 

Since this n-type Ge is almost intrinsic, both 
wiemaark current and the generation of minority carriers 
are small. Consequently, low-frequency C-V variation was 
MOU Observed. 

2. C-t Measurement 
Figure 8-6 presents the experimental C-t response 
of the p-type sample, along with the high-frequency C-—-\V. 


The voltage pulse was from-8.v to +8.v. The small sharp 


30 


"Finger print" Fig. 3-6b shows this result. 


31 ithe high-frequency analysis in section D.2 shows about 
5 times the interface state density over the p-type Ge-MIS. 
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Spike at t = 0 sec is probably the result yoy ee eee 
of fast interface states. The relaxation time (or storage 
time) is very long as noted by the gradual rise of the 
capacitance. In this case, it was approximately 60 sec. 
ies is the time for the capacitance to attain the high- 
frequency inversion capacitance from the deep depletion 
capacitance. No C-t response could be measured on the 


n-type Ge-MIS. 


D. ANALYSIS OF Ge-MIS DATA 

Data analysis consisted of evaluating the low and high- 
frequency C-V data using the computer program described in 
eee ver V, section A. For the p-type sample three sets of 
data, from the same sample, were analyzed. Using the high- 
frequency C-V, both the p-type and n-type Ge-MIS were 
analyzed by the program described in Chapter V, section B. 

1. P-type Data Analysis 

The results for one gate on the p-type Ge-MIS appear 

in Figs. 8-7 through 8-11. Figure 8-7 is the Rpaemnte low 
and high-frequency C-V curves. Figure 8-8 gives (Ge a) 
Pema iuUnction U. together with the straight line fit to 


S 


the curve. Figure 8-9 is a plot of V, versus Ne Figure 


5 
8-10 shows the relationship of the interface state density, 


N and the surface potential. Figure 8-1l provides a 


55° 


merot of Qore versus Va: 


An examination of these curves reveals that the 


flat-band voltage, where V, equals zero in the Von pvous 
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is -l1.2 volts and that the range of values of V, extends 


S 


jmaom —-0.35 volts to 0.45 volts. The totaleranpeman Vo 


is approximately .80 volts which is comparable with the 
known value of Ee. °° 
Figures 8-12 and 8-13 give the C-V curves taken at 
two different gates on the sample. The major changes in 
these two curves from the first gate are: 1) the percentage 
@eemee between accumulation and inversion capacitance is 
different (in Fig. 8-7 the change is 66%, in Fig. 8-12 
it is 50% and in Fig. 8-13 the change is 30%), 2) the 
minimum low-frequency capacitance value does not occur at 
the same voltage on all three curves, and 3) different 
values of accumulation capacitance. Possible Asa LORS 
for these differences are nonuniformity in both the semi- 
Semauctor and insulator and, in the low-frequency case, 
errors in test measurements. The maximum value of capaci- 
imemee 1S due to the different gate areas of the Hg probe. 
item i hehemces among sume Thee te) "Cul Vecmeloes m= 
nificant and, as a result, the data analysis curves differ. 


Figure 8-14 gives the (C,/C,)* Ue olormmer the cate 3 


S 
location. This figure and Fig. 8-8 look similar but are 
different because of the different scaling present. Two 


other differences exist between the data analysis curves 


Of gate 3 and the two other gates. These differences are 


3¢For valid results, in equilibrium, the rangeucrs | 
should be equal to the value of the energy gap. For Ge 
Pee 0eo, v. 
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indicated in Figs. 8-15 and 8-16. The flatband voltage has 
sone positive with a value Of approximately 0.8V and Nog 
begins to slope upward at a w value of .28V. The reason for 
meee Gifferences is due to the shift of the vollacestom7 
imeat for the C-V curves in Fig. 8-13. Nonuniformities in 
the insulator and semiconductor are probable causes of these 
See erences. 


tebe Vil gives a listang of the tabular davanouts: 


Mmeem vne program. It can be seén from Table VII that there 


Puant ity Gate #1 Gate #2 Gate #3 HF Only 


ENS (X10°2m73) “2.52 -2.98 10% ae 

ENB(X10°2m73) 269 3.56 36.2 a 

o,(V) -~0.229 S28 = 0.208 —— 

Nog (X10 Ov tn”? ) 3.96 13.6 one AAS 
(at p = Q) 

Nepp(X107Om?*) ol irene 2.46 --- 
Cat Vo=0) 


more Vil. Summary of Tabular Output Data for Three Differ— 
ent Gate Locations on Ge-MIS (p-Tyve) 


@re slight differences between gates 1 and 2 but there is a 
large difference in gate 3. This again suggests a nonunifor- 
mity in the semiconductor and insulator under gate 3. 

The interface state density data obtained from the 


high-frequency only C-V data analysis is also listed in the 
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Figure 8-15. Vee Plot for Ge-MIS (p-Type) Gate #3 
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table. The density obtained from this analkieiiseac ees sae. 
Bhat obtained above. 
2. Analysis of n-Type Ge-MIS 

Based on the high=frequency only C]eidera  esults 
for the n-type Ge-MIS sample appear in Table VIII. Differ- 
mare care areas led to similar differences as those deseribed 
for the p-type Ge-MIS sample and will not be presented here. 
Mable VIII shows that the interface state density is 5 
imemes higher than that for the p-type. The theoretical nor— 
Meaeezed high-frequency minimum capacitance is lower by an 
order of magnitude than the measured value. Figure 8-5 
shows that the experimental high-frequency curve had not 
Peaehed a minimum. Higher bitas voltage was not tried to 


eye@id breakdown of the insulating layer. 


Leif 






Quantity Value 





Ee 0.303 ev 
La 9.57X107 om 
CMINLF poe 
CMINEF Oe 02 
Bias Surface Potential Interface State Energy Level 
WW.) ~  (v.) Bensity Com=¢) of States (ev.) 
-9.0 0.24 2.50X10 0.540 
-5.0 Ones 1.43x10 0.550 
-1.0 -0.17 2.12X10 Ores © 
1.0 -0.19 3. 41X10- Omer 0 
BO -0.25 1.48C10° 06.50 
10.0 -0.30 2.94X10- 077008 


Table VIII. Summary of Tabular Output Data for Ge-MIS 
(nie, 
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IX. EFFECT OF ELECTRON BOMBARDMENT ON SILICON 


N-CHANNEL DEPLETION MOSFET 


A. INTRODUCTION 

The motivation or (Tihiece cl Cneeeoee C1 Ola, [heme irst 
maecor is to test ime Comper pr ropmameacsem~ ocd in Chapter 
VI on a commercially tested standard Si-MOS. The second 
fjevor is to investigate thevertecerus of electron bembardment, 
whieh simulates the radietion eEmvironment around Jupiter 


[14], on a Si-MOSFET. 


meee SAMPLES 

Commercial Si N-channel depletion MOSFET's were selected. 
The Lag Vas and C-Va characteristics were measured with a 
Tektronix type 576 curve tracer and Boonton capacitance 


313 


meer respective ly Teer eot os OL Cicee wees em emats are 


Shown in Figs. 9-1 and 9-2. 


C. EFFECT OF ELECTRON BOMBARDMENT 
1. Electron Bomeardieny 
The bombardments were conducted at the Naval Post- 
graduate School Linear Electron Accelerator (LINAC). The 


energy of the electrons was 64.5 MEV. The electron beam was 


33the high-frequency C-V curve was obtained with the 
source and drain connected to ground, the substrate to the Hi 
terminal and the gate to the Lo terminal. The low-frequency 
curve was obtained with tne source and substrate tc ym us 
terminal, the drain open, and the gate to the Lo terminal. 


Igy 






Be Re Ne Se 





a) Positive Gate Voltage 


(bottom most curve: Va = 0.V) 





b) Negative Gate Voltage 
(topmost curve: Vq = Orr) 


V Characteristics for MOSFET before 


Figure 9-1. lo. 
aS ds Trradiation 
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focused to provide a nearly circular pattern of appecxinaees, 
ivan on a test target as viewed from remote TV cameras. 

The concentration or electron dosage was determined from the 
charge accumulated in a Faraday cup. This charge was stored 
Meme tarad capacitor and the concentration found from the 
equation N = CV/q electrons per cm*, where V is the voltage 
eeme@as, the capacitor. A secondary method to determine the 
total dose is to time the LINAC "on time" since, by experi- 
Giee., a known dose exists in each pulse for a particular 
power setting. Electron dose rates from 10 e/cm* to 

10% e/cm? in steps of a power of 10 increase were attempted. 
Weeeemcosases were not realizeable since difficulty was en-— 
feommecre® inethe LINAC. TablesiX pives the actual electron 


concentration obtained. 


Step Dosage per step (e/cm’ ) Total accumulated 
dosage (e/emé ) 
ih Wakes 1x10? 
2 ea 2 Tee 
3 60x10" 6... 30 10°° 
4 ey (0 Oe 2.063xX1035 


Vable IX. MOSFET e-Beam Total Accumulated Dosage Obtained 


e. Experimental Results 


Two electrical characteristics of the MOSFETS were 


measured ctefore and after the bombardment. MTnese 
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characteristics are the C-V,and the Lag HV curves. The 


G do3 
pre-bombardment characteristics were given in section B. 
The MOSFET cha@teactermi spies eottor bombardment seeps 2, 3, .ane 
and 4, are shown in Figs. 9-3 through 9-8. Figures 9-3 
as Vas characteristics and Figs. 9-6 
through 9-8 give the me ae tS iieeeome Lear from 


through 9-6 give the I 


wnese figuresethavectecevreimeemearamentsas, imdeetmect, clos=- 
ing the channel. For each electron dose step the drain-to- 
mource CUrrenieeomlowevcd | OnpmomCee Gime oveevomape, and 
mae Valley of SthemwWow—-frequene mee) “Curves widens. A second 
Peer El was als@iyeogcem ay eee emmiccollens Lor it 


are similar and will not be presented in this thesis. 


3. Experimental Analysis 


Two types of analysis were made. First the effect 


34 


or electron be@nibardmenu on Ghe chresheld voltae, Ve? 


of the MOSFET was obtained from the I V @iemeaecveristics. 


ds ‘as 


Peewas found @e@eagetne 7 Was uct pec vOut@cmasmgae after 


[Gal 
electron bombardment. The shift of V ecramnumet ion of 


ena 
electron dosage is shown in Table X. 
second, the physical changes of the deviceare pre- 
semeed by determining the change of parameters of the MOS 


structure. These parameters are: 1) d.-Vaq> the surface 


potential and gate voltage relation, 2) Nog, the interface 


a Veh is the gate voltage at which the MOSFET begins to 
conduct. 
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a) Positive Gate Voltage 


(bottom mosciemcurve: Ve = 0.V) 





b) Negative Gate Voltage 


(topmost curve: Vea = 0.V) 


Figure 9-3. MOSFET Iqs-Vqs Characteristics after a Total 
Accumulated Dosage of 3X10* e/cm? 
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a) Positive Gate Voltage 


(bottom most curve: Va = 0.V) 


SOLAN IAAI LIP LISI IIIS HOG Dee eee eerie 





b) Negative Gate Voltage 
(topmost curve: Va = Oe 


Figure 9-4. MOSFET Igc-Vqs Characteristics after a Toval 
Accumulated Dosage of 6.3X10"% e/cem* 
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Positive Gate Voltage 


Figure 9-5. MOSFET Iqs-Vasg Characteristics after a Total 
Accumulated Dosage of 2.063X10'* e/cm* 
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Dosage (e/cm*) Vo 


0 -1.45 
ana ri. a0 

2X AC 7 =O 
Greex0. | =O. 86 
2.063x10"” aa0) 


maple XA. MOSFET Threshold Voltage Shift as a Funetion of 
Total Accumulated Dosage 


state density and 3) Q effective charge in the insu- 


eff ‘s? 
lator as a function of the surface potential. 

The relation between surface potential and applied 
gate voltage changed considerably. Figure 9-9 shows this 
relationship before irradiation and Fig. 9-10 shows the 
erect after the third radiation step. These two fieures 
reveal that the flatbDand voltage becomes more negative a:jd 
the entire curve shifts upward with irradiation. This cI ange 
is caused by the ionization traps created in ets airaleant Py 

The change in the interface state density versus ¥ 
Burve is bepresented in Fig. 9-11 before and 9-12 after the 
third radiation step. The trend after steps 1 and 2 was to 
shift the peak of the curve to the left. In Fig. 9-l2, 
however, the peak which occurred at about 0. 8V in Fig. 9-11 
has disappeared and another peak with an order of magnitude 
less at 2.5V has appeared. The disappearance of the first 
peak is unexplained. This peak was expected to continue to 


move to the left on increased irradiation. 
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Bigure 9-9. MOSERET V a Characteristics after a Total 
Accumulated“Dosage of 3X10” e/ecm? 
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Figure 9-10. MOSFET Vs-Vag Characteristics after a Tovar 
Accumulated Dosage of 6.3X10" e/cm 
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Figure 9-11. MOSPET Nss - Vg Characteristi¢s ai veuma 1o-.m 
Accumulated Dosage of 3X10 e/cm? 
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Figure 9-12. MOSFET Now = Va Characteristics aauew a foie 
Accumulated Dosase or 6.3510 =e7 cme 


ans 
‘ 
wd te ow 


154 






The effective insulator charges also chansegmeen sama 
emably after the thirds bombarmdmens etep.. Initaadak, Qore 
was approximately 1X1072coul/m2 at zero surface potential 
and decreased gradually to 0.35V where it decreased sharply. 
After bombardment Q.,, was 2.5xX107° at zero surface poten— 
tial decreased rapidly to 0.10V where it leveled off. 

4. Discussion 

The effect of electron bombardment shows that tne 
MOSFET is vulnerable to radiation damage to such an extent 
wade it changed from a depletion to an enhancement MOSFET 
Of poor quality. This drastic change occurred after an 
accumulated dosage of 2X10 e/cm* which was received after 
an e-beam exposure time of 10 minutes. 

ie clectron bombarmemeny clasec vee Changed since 
ieee DOsitive threshold voltages were required to support 
drain-to-source current as the dosage increased. This fact 
is apparent since the drain-to-source current for a parti- 
cular drain-to-source voltage at various gate voltages 
decreased as the dosage imereased. 

The bombardment widened the valley in the low-fre- 
quency C-V curve and stretched out the accumulation to in- 


35 The effect 


Mersion region on the high-frequency curve. 
is caused by the creation of interface states and on ioniza- 


tion traps in the insulator. With inereased Gosages the 


3> similar effects were produced by gamma radiation or 
0.5 to 0.7 megarads exposure to MOS capacitors [23]. 


Leys 





surface potential versus applied voltage shifted upward and 
the corresponding flatband voltage became more negative. 
Both the surface state density and effective insulator 


charge were affected considerably by the irradiation. 
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X. CONCLUSION 








ice CVS iste uidnicsmweme made, 

(1) MIS of IV-VI compounds and allcy semiconductors: 

ine pubgeose Wasmto develop a fabrication procedure aor 
fhe OL PhTe, PbSe, PbSnTe and PbsSnse and to investipave 
Moemmer their interface qualities are adequate for infrared 
CCI applications. 

is teabmrcate MIS sameles, 3 to. LO sthick, thin=fa ins 
of these semiconductors were first deposited on CaF, or BaF, 
substrates followed by e-gun deposition of 100-450A° thick 
ee, Or S20, insulating layers. Hg probes were used as 
metal gates. 

The C-V and C-t of the MIS samples were measured mostly 
at 300°K and on selected samples at 77°K. It was found 
twee both AljO, and Si0, layers showed comsiderable leakage. 
Capacitance measurements were distorted. In spite of this 
difficulty, C-V variations have been obtained which indicated 
Unew accumulation, dephetlommands inversmen behaviors oceurred 
and MIS of these IV-VI compounds and alloy semiconductors 
behave qualitatively like that of Si-MOS. 

However, quantitative comparisons of the measured C-V 
results with theoretical calculations revealed aieay ei 


T Cllmko wane (Cijsieme men cies Sexes: 


LD) if 





a. The measured change of MIS capacitance from accumu- 
lation to inversion is up to 5 times larger than calculated 
Values in some cases. 

b. The measured voltage bias range of the transition 
mromscaccumulation to inversion is up to \ times larger than 
mae Calculated values. 

c. Some unexpected temperature variations of the MIS 
Gapacitance were found. it was found that the accumulation 
G@apacitance varied with the temperature. 

It should be noted that similar problems existed in the 
Gamly stage of the development of Si-MOS. These discrepan— 
cies ae conte tChatethne 1 ol low ino Minerevements Cl erin 
ig@emeearch should be made; 

ae A deposition procedure of good insulator must first 
Mee Geveloped. Insulators other that Al,0, and Si0, having 
large dielectric constants should be used. It is believed 
that the leakage is the major cause of much of the 
Gieericulty. 

bee 6 eeood insulation materials can not be developed 
for use with these semiconductors, then the possible use of 
a double junction MES shoulda ste invest ieawed. 

c. After the successful development of good insulaver 
er double junetion MIS, the surface preparation of Tice. 
conductor and post treatment of MIS such as annealing can 
then be pursued to improve the quality of MIS for possible 


IRGCL appitearionce 


ILS 26) 





d. Low-frequency measurement and low-temperature meas- 
urement must be improved aneoerdeeevial ene Comput eaiee aa 
developed in this thesis can be successfully used to analyze 
the basic physical parameters of these MIS which are neces-— 
sary to build up a good understanding of their behaviors, 

(2) MIS of Ge: 

Both n and p-type Ge-MIS have been made by e-gun 
@owesition of 180 to 250A° of Al,0,. Their resistivity are 
402 -em and 0.052 -cm respectively. C-V and C-t measure- 
ments indicated that they behave qualitatively like Si-MOS. 
Analysis of these data showed that the interface state den- 


sities and the flatband voltages are: 


Quantity 0.052 -—cm (p) 40.02 -cm (n) 
eae 16 17 

Nga lV m ) 4X10 EMS «18 3) 

Veep (V) -1.20 —_——- 


The Ge-MIS C-V characteristics were not similar at all 
gate locations. It is suggested that sample fabrication 
techniques be improved to eliminate these nonuniformities. 

(3) Effect of electron bombardment on n-channel Si 
depletion MOSFET: 

65.4Mev electron bombardments were carried 
eutein the Naval Postgraduate School Ianear Hlectrommacceter— 
ator. Doses of 10% , 6X10" , and 2X10 were used. It was 
found that the most sensitive change is the decrease of 
threshold voltage. Before bombardment, the V,, was =. 4 oy 


after a dose of 2X10°° e/cem*, V became positive, which 


Gal 
changed the MOSFET from depletion to enhancement. 
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